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ABSTRACT 


Regulation of arginase: activity was studied in 
Saecharomyces cerevistae 9763 grown in various culture fiedia. 
Different levels of arginase activity were found when the 
nitrogenous constituents of the media were changed. L-argin- 
ine, when added to the culture medium at a concentration of 
2x10 ?M, gave the highest enzyme activity, while urea and 
ammonium at the same concentration gave the lowest levels. 
Intermediate levels were found when other nitrogenous compounds 
related to the Krebs-Henseleit cycle were used. From these 
studies it was concluded that the arginase activity of yeast 
cultures was finely controlled by the presence of both sub- 
strate and end products. These changes were reversible on 
transfer of the cells to suitable media and time course 
experiments suggested that repression and derepression of 
this enzyme was involved. 

Ecamier studies of these changes in arginase were made 
using cell-free extracts which had been subjected to gel 
filtration. These investigations revealed that the effects of 
UbCa@and Grnethinelzn vivo Vand oinlyitro were \dirrerent. eFor 
example, it was shown that while urea repressed arginase 
effectively in vivo, it had no influence on enzyme activity 
LHe OLtron,. L-ornithine ,onrthe’ other hand? inhibated*the 
enzyme competitively tn vitro, but repressed arginase to only 
aevervyasmaligextents pinvorderwetoyexamines further the role of 


urea on arginase activity, cycloheximide was added to the 
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culture media in the presence of this compound. Within 30 
mimuces walter the introduction of this antibiotic,.:the 
Specific vactivity of arginase rose steadily,- indicating that 
repression of the enzyme was terminated by this treatment. 

Other enzymes related to the Krebs-Henseleit cycle were 
studied in cultures either devoid of nitrogen or supplemented 
with L-arginine or urea. In such cultures, it was found that 
L-arginine repressed ornithine transcarbamylase. Ornithine 
transaminase was affected by arginine and urea in the same 
manner aS arginase. Urease was in no case detected under the 
above, culture conditions. 

To complement the enzyme studies, levels of free 
ammonium, urea and amino acids in the culture media and cell- 
free extracts were determined using an automatic amino acid 
ela ygere eorcer => NOULrsS Of growl, 30% and 25% of the 
L-arginine and urea, respectively, present in the culture 
media, were taken up by the cells. Extracts of cells grown 
in the basic culture medium contained the lowest level of 
Storalvamino, acios. Ini contrast, extracts of cells grown on 
arginine supplemented media contained high levels of amino 
acids. In urea supplemented cultures, the levels of the 
free amino acids were again considerably increased. However, 
urea was not detected in these cell-free extracts. In 
addition, significant quantities of ammonia accumulated in 
the medium. The results of these analyses are interpreted 
on the basis of the previous enzyme studies. 


The general properties of yeast arginase were studied in 
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detail, including reaction velocities, pH optimum, the effects 
Creo ivalenmits group activators, anhibition by ornithine, 
Michaelis-Menten constants in different buffered systems, and 
molecular weight determination using Sephadex G-200. It was 
found that the yeast arginase was in many respects similar to 
the mammalian enzyme but distinct from that of Neurospora. 

It is concluded that the biosynthesis of arginine and 
its subsequent breakdown to urea and ornithine in yeast is 
rigidly controlled by enzyme induction, repression and 
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INTRODUCTION 


A. General Mechantsms for Metabolte Regulatton 


During the past three decades, research in genetics and 
biochemistry, while focused mainly towards an elucidation of 
basic cell activities, has recently emphasized methods for 
Gontrollings such, activities.» —Prom, such. research. knowledge 
has been gained regarding not only cell replication in given 
environments, but also the adaptability of cells to varying 
environments. In these studies, the elaborate control 
mechanisms of single-celled organisms, which involve special 
features of gene action and enzyme specificity, were revealed 
together with an appreciation of their importance in the 
evolutionary selection of these species. Of particular 
importance in this regard would be the selection of the most 
economical pathway for synthesizing each constituent of the 
cell. This type of control mechanism, when under extensive 
study, will rapidly merge with the broad problems of enzyme 
action and enzyme synthesis. The notion of metabolic control 
mechanisms can be traced back to Pasteur. However, the 
first important step towards an understanding of metabolic 
control mechanisms was the recognition that various substrates 
in different environments can stimulate microorganisms to 
form enzymes necessary to attack them. Enzymatic adaptation 
WasmuoOt exsbensively wtudied anti Monod ~@e al.. (1952) 


reported on their pioneer work. In these studies an 
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one 
induction of B-galactasidase (Monod et atl., 1951; Monod and 
Cohn, 1952) demonstrated that the induced enzyme was 
synthesized de novo from amino acids. 

Hpesorocess (Or induction was torigimally »thought to be 
restricted to adaptative enzymes, in contrast to the 
constitutive enzymes of biosynthesis (Karstrom, 1938). 
However, later success in isolation of constitutive mutants 
which can produce the same enzyme as the inducible parent 
Cloarlyewindi catedathat inductbi lity sandsconsti tutivity 
teoblect states, ol asregulatory apparatus, .ather .than .a 
fundamental difference in the mechanism of protein synthesis 
(Pardee ef.al., 1959). Only recently has it become clear 
that inducers didnot play an essential role in protein synthe- 
Sie oUt Dal rCupa tesa Ong awith repressors, Ln a super— 
imposed regulatory system (Davis, 1961). According to 
Jacob and Monod (1961), this regulatory system was based 
on the operon model which was under negative control. For 
each operon there is a regulatory gene which specifies the 
structure of a repressor. The repressor is a diffusible 
molecule which binds to the operator gene and thereby 
kaneis the transcription, of the structural genes sor that 
Operon. the s0entitication of ;thesrepressors of -lbbespbage, 
Amoaetasine,.196/) sand of theglac opsron ol, haere, 1 en7d 
colt (Gilbert and Muller-Hill, 1966), together with the 
Bibsecuent partial (Calbert and Mullep-Hill 7196 7)).and 
CHOLOUCO CE LoGS cand s5OuLgeois ;sdIGe)e puri al cationsor the 


latter have established beyond reasonable doubt that these 
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Pepressors are proteins; 

Riggs and Bourgeois (1968) reported that the lac 
repressor protein having a molecular weight Gi 50,000 can 
dissociate into subunits having molecular weights between 
35,000 and 40,000. In his elegant experiment, Ptashne 
(1967) was able to show that the A repressor protein binds 
to a specific region of DNA, namely the operator region. He 
Further demonstrated that a fraction of the protein ina 
partially purified » repressor preparation co-sediments with 
Te Ue otawiLoMONA tromra mohege nyorid, Al '-°, which nas 
an altered immunity (operator) region but is otherwise 
isogenic with X. The repressor, therefore, binds only 
Specifically with its corresponding operator. The dissoci- 
BerOn Constant Gerutnis binding was of the order of 2x10 /+° 
to 2x10 '*M (Gilbert and Muiller-Hill, 1966). Many workers 
suggested the lac repressor is an allosteric protein, but 
PieLesic NOvdi cect evidence to Support this contention. 

ingceherr studies. Gilbert and) Muller-Hilir( 1967) 
demonstrated that in the presence of an inducer, thio-iso- 
propyl1-8-D-galactoside, no binding of lac repressor to DNA 
could be demonstrated. The repressor obviously underwent 
conformational changes. Experiments with lac repressor 
(DavVidvandedacob, 1966), or with repressor (Wiesmeyer, 
1966) showed that very few molecules were synthesized per 
genome in each generation. For example, in &. eolt, only 
10 lac repressor molecules (Gilbert and Miiller-Hill, 1966) 


and 20 ’ repressor molecules (Wiesmeyer, 1966) were 
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4, 
synthesized per cell. These findings, together with the 
fact that lac repressor is stable and not degraded tn vivo 
fedeearbour et Haley (1968)\ ctowconclude sthat tthe s"curious 
Kinetics of ‘depression have “their origin in the fact that 
there are only a small number of molecules of repressor per 
Ge lie 

In response to environmental changes, a cell may 
commonly change its activity so that its new metabolism is 
best suited to the new environment. Such changes are 
usually best followed by determining whether it is due to 
Ene wabsence olean venzyme tor umather stounes inhibation or 
induction. In general these metabolic variations are most 
easily demonstrated in microorganisms. In many cases, both 
types of control mechanisms exist in the same organism. 
Gorin 1953)ewhoestudiedvargininessynthesis in escola, 
discovered that in those cultures which received all the 
arginine required for protein synthesis, the level of 
arginine-forming enzymes was quite low (repressed) and there 
was no endogenous synthesis of arginine. In all these 
cultures which received less arginine than was required, 
these enzymes were derepressed but were kept from forming 
more thanwsjust that amount of arginine wequired Co makeup 
the amount supplied i the medium. It is clear that both 
repression and end-product inhibition (a feedback inhibition 
as described by some writers) are functioning in adjusting 
the physiological activity of the cell to its environment. 


Other studies of valine (UMA geiwe Gadi. .8 
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1957), histidine (Moyed, 1961) and isoleucine (Changeux, 
1961) metabolism also led to the conclusion that the end- 
product of the biosynthetic sequence inhibited what appeared 
to be the first enzyme in the sequence. From these studies, 
it is revealed that end-product inhibition is sensitive 
to slight variations in the level of the substance concerned, 
while repression is primarily concerned with an economy 
of protein synthesis. 

In 1961, Monod and Jacob proposed the allosteric nature 
Ofpend-produet-—sensitive enzymes. According toeMonod et al: 
(1963) the allosteric proteins are assumed to possess two, or 
at least two, stereospecifically different, non-overlapping 
receptor sites. One of these, the active site, binds the 
SUDpSsEhatesancmus Tespomsibdie Loumihne biologi caleactivity to& 
the protein. The other, or allosteric site, is complementary 
to the structure of another metabolite, the allosteric 
eEhee tor pewhich fitebimds specifically tand (reversibly: 4ethis 
view suggests a mechanism for the competitive interaction 
sometimes seen without invoking overlapping sites, and the 
relationship between regulatory and substrate molecules 


Which bears nosesteric resemblance to one anothers. 


B. Regulatton of Enzymes Related to Argtnitne Synthests. 


The biosynthesis Of arginine ELromeornithine, and. the 
breakdown sof arginine by arginase to ornithine and urea was 
Originally proposed by Krebs and Henseleit (1932) to occur 


via a cycle of reactions in mammalian liver. This has since 
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been substantiated in a wide variety of organisms including 
hvguers plants, =(Kasting and Delwiche, 1957), bacteria, (Vogel, 
1953) fungi (Vogel and Bonner, 1954) and mammals (Mohamed and 
Greenberg, 1945). 

In yeast, the above studies provide convincing evidence that 
arginine is synthesized from glutamic acid via ornithine, 
and Vavra and Johnson (1956) showed that exogenous ornithine, 
citrulline, and arginine all reduced the amount of glutamate 
carbon incorporated into arginine and proline. However, an 
elucidation of the enzymes required for arginine synthesis in 
yeast was at that time lacking. Subsequently some evidence 
was obtained which showed that the formation of ornithine in 
yeast follows a pathway somewhat resembling that of F. colt 
(Vogel and Vogel, 1963), but essentially different from that 
existing in mammalian systems (Meister, 1965). Reactions 
resulting in the biosynthesis of ornithine in Saecharomyces 
are summarized in Figure 1. DeDeken (1962) has obtained 
evidence that yeast preparations can catalyze the reduction 
of N-a-acetylglutamate to the corresponding semi-aldehyde. 
Arginine was found to inhibit this reaction, indicating a 
feedback mechanism of inhibition. The isolation of an 
enzyme from Saccharomyces cerevistae which can transfer the 
acetyl groups of N-a-acetylornithine to the amino group of 
glutamate (DeDeken, 1963) led to the conclusion that the 
yeast pathway may be more correctly depicted as in Figure 2. 

The other key reaction leading to the formation of 


acgini nemvonttne scOnversion Of Ornithine torcitruliine by the 
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OF 
Enz reso nrenine Cheanscarbpamylace™ (OTE) @(EC 24193 .Sye YAS in 
E. colt, this enzyme in yeast is strongly repressed by 
eroginine™ (Bechet et aly, -1962)% “Therefore, two’ of the”steps 
in the biosynthesis of arginine are repressible by arginine, 
a fact which would tend to implicate N-o-acetyl intermediates 
in the biosynthesis of arginine in yeast. Later work by 
Mrddelhoven (1969) confirmed the earlier finding that OTC 
was strongly repressed by exogenous arginine. However, he 
reported that two other enzymes of the arginine pathway, 
argininosuccinate lyase (ASL) (EC 4.3.2.1) and acetyl- 
ornithine-glutamate transacetylase (AGT)* were not repressed 
by exogenous arginine. This suggests that the physiological 
function of the endogenous repression of these two enzymes by 
arounmine snot primaridy* in’ the regulation of arginine 
syvncnesis bul tn that of enzyme synthesis iatseli. “Further 
evidence for this suggestion is supported by the observation 
that these two enzymes are not derepressed when yeast, 
Growing on=peptonesas a Nitrogen Source, 1s transtered to a 
mineral salts medium (Middelhoven, 1969). 

Ets interesting eOMmnoces thatwarclmrperent  CcOnuLOL 
mechanism exists in Chlamydomonas retnhardti. Strijkert and 
Stissenbach "(1969)" "in tnevr work wlth this alga, found (that 
the@oathway Of arginine synthesis was essentially the same 
as in some bacterial and yeast species namely in having a 


transacetylation reaction between glutamate and N-acetyl-L- 


* Not yet registered by the Enzyme Commission. Middelhoven, 
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ornithine and by. displaying a feedback control of acetyl- 
glutamate kinase by arginine. However, in their report, they 
MevetOnedetiat in the wild™=tyoe strain, no control of ‘the 
other enzymes of the arginine pathway occurred except for the feed- 
back inhibition of acetylglutamate kinase. On the other 
hand, arginine requiring mutants argCl and argG2 behaved 
quite differently. The former had an argininosuccinate 
lyase which was effectively derepressed by the addition of 
100 pg/ml ornithine to the culture medium while this enzyme 
from the latter mutant was strongly repressed when grown on 
an arginine (20 ug/ml) medium. Compared to argininosuccinate 
lyase all of the other enzymes in the pathway had little or 
no regulation of their synthesis. The physiological 
Significance of this regulatory mechanism is, therefore, 
Unece@edrieas thy Ord NOL exist in the wildtype strain. "This 
is clearly in contrast to the arginine biosynthetic pathway 
of £. colt which contains several enzymes known to be 
repressed in parallel and which are pleiotropically 
controlled. 

A rather unique regulatory mechanism affecting arginine 
biosynthesis in yeast has been described by Bechet and Wiame 
CLOG >) Tneyveancdcd ystatan LO the sce) *suspens tonto 
Go cai permedbs Livzatron» OL tthe "yeast sce lls amin stiese 
moermeabi lized" célis, they noted an “abrupt drop’ in ornithine 
transcarbamylase activity following the addition of arginine 
Coetie mecrumes Ene accLVity was teduced "to 5027 0f “initial 


levels artter about LS minutes and further’ to 10% after 60 
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bir, 
minutes. This rapid decline in activity was suggestive of 
enzyme destruction. Furthermore, it could be prevented by > 
the administration of cycloheximide to the "permeabilized" 
cells... As cycloheximide is an sa Se inhibiting proteds 
synthesis (Siegel and Sisler, 1964), this indicates that the 
inactivation process involved formation of protein. By 
Neabing ene. cedds) (to) 59°C, reactivation of the) enzyme! was 
observed. Hence, they suggested that under the conditions 
of repression, arginine induced a synthesis of specific 
ornithine transcarbamylase binding protein which was heat 
Jebi lesandswhich resultedsin Joss ofactivity 74m, vivo’ after 
apvery Jimited period of; growth.+ In a» latervexperiment, 
Messenguy and Wiame (1969) were able to isolate this regulatory 
protein by column chromatography using Sephadex G-200 and 
studies of it tn vitro were conducted. They showed that this 
regulatory protein had the same molecular weight as arginase. 
Arginase and OTCase did not form a complex in the absence of 
WWworetlectors)eornitbinesand, arginine... Thus Ornithinesein 
addition to beingeacsubstrate;rorsOTGase;, eiswalsovyanyert ector 
GEethis, system! andesarginine, while, beinguan inducersofethe 
Lead Ateryeaprotesn;, ismadiso,an inhibitor of OTCase under 
thesepcondi tionsem Dthis wnteresting tomnotesthaterne rc to 
r. mutation in this organism, leading to non-repressibility 
GELOTCasepawaseaccompanied| by failure pobvarginineyto induce 
Procuc WiOnsor + thesbindingsproteine a fheptermmaiepaprotein 7 
was proposed by Messenguy and Wiame (1969) to designate the 


regulatory protein. The regulatory arginase, forming an 
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allosteric system by reversible binding with OTCase, differs 
from the usual arginase and was termed "epiarginase". 

The above findings suggest that the regulation of OTCase 
is more important than that of other enzymes of the arginine 
synthesis pathway. The reason for this may be in the fact 
that ornithine is’ a precursor of both, arginine, and putrescine 
in Saecharomyces (Middelhoven, 1969). Putrescine is formed 
from ornithine by decarboxylation and is the precursor of 
spermidine, a base universally associated with ribosomes 
(Tabor et al., 1961). Both putrescine and spermidine have 
Weenticekecced Hniouccharomyces ((hischerm andyBohn.~1957).. In 
divergent biosynthetic pathways the first enzyme after the 
branching point is generally regulated more precisely than 
the other enzymes, most commonly by both enzyme repression 
aunts end-praduct inhib ution (Umbarger £1963)... eli imeyeast, 
arginine and putrescine are synthesized by divergent pathways, 
as in £. colt, OTCase will be the first enzyme of the 
arginine-synthesizing branch. This position in the metabolic 
pathway may, therefore, explain the double regulation of its 
activity, involving both repression and the action of a 
specific regulatory protein. 

The situation will, however, be far more complicated 
than the above example if we consider the participation of 
other metabolnesproducts Tinycontxroleeysitems 4) (Inygtheir work 
Witmiatwnldastnainioh Fiived la) IiStBainege pewnich sproduces «low 
levels of arginine synthesizing enzymes, Gorini et at. (1961) 


revealed an antagonism between glucose and arginine in 
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Se 
controlling the levels of these enzymes. A repressive 
effect by glucose, similar to the widely known "glucose 
emree ti avas Oenonst rated cine brain Bo The. ef fect. ican, be 
counteracted by arginine, which behaves formally as an 
inducer. Hence, two repression systems control synthesis of 
PieseuenzynesceinFirstly,jwcontcol ibywansend=product, (arginine) , 
endeisecondilyie controls by, a, products formed an general 
metabolism. The effect of these two controls appears to be 
additive. 

It is not uncommon that enzymes are capable of existing 
in different forms which have different properties. For 
example, when Bacillus litchentformts was grown on glucose 
and L-arginine, Bernlohr (1966) detected two chromatograph- 
ically distinct types of ornithine transcarbamylase. One 
enzyme, presumably, had a biosynthetic function and was 
repressed by arginine. The other was induced by arginine, 
repressed by glucose, was relatively heat~stable, and was 
synthesized towards the end of the growth cycle. A similar 
situation was found to exist in a strain of Pseudomonas 
Piwonedcens IRC-204)), by Ramos er Ol.) (296600, & ))s. J iney, 
also reported the discovery of two ornithine transcarbamylases. 
One appeared to be catabolic in nature and was induced by 
arginine, the other enzyme appeared to be anabolic and was 
repressed by arginine. They were not only different 
functionally but also physically since Che catabolic enzyme 
hadsethe: optimum pH or 6.7 while the pH eoptimum form the 


anabolic enzyme was 8.5. In Neurospora crassa a completely 
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14. 
dirferent situation was described. Nazario (1967) found that 
in a mutant of Neurospora erassa (argl10), the ornithine trans- 
carbamylase levels were progressively repressed by arginine. 
However, the mutant failed to form argininosuccinate lyase, 
and thus accumulated argininosuccinate when grown on an 
arginine-containing medium. If, however, the argininosucc- 
inate level in the medium was indirectly increased by the 
addition of citrulline, ornithine transcarbamylase was 
derepressed. The mechanism of derepression was found to be 
via the competitive inhibition of arginyl transfer RNA 
Seyntietase=by vargininosuccinate’™ Harlier pj Bock et! at7n(1966) 
reported that in order to achieve repression of the arginine 
biosynthetic enzymes, arginyl-t-RNA formation is necessary. 
When arginyl-t-RNA synthetase is inhibited by arginino- 
succinate, then the arginine biosynthetic enzymes are 


derepressed. 


C. fhe Regulation of Enzymes Related to Argtnine Catabolism 


The control of arginine catabolism has been studied 
somewhat less than biosynthesis of this amino acid. 
Concerning the breakdown of arginine, Edlbacher and Baur 
(1938) reported the presence of arginase (reaction it) ee 
However, Roche and Lacombe (1952) reported the presence of 
arginine deaminase (L-arginine:iminohydrolast, EC 3.5.3.6) 
Tieoaken cpyeast.smie, ceaction (2) produced crtrulline and 
ammonia at pH Sed eto /.0. “The enzyme was iceadily activated 
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Mae Shigiqves =e oes ornithine + urea (1) 
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Del eco case 1Of the arginase irom feos, the yeast 
enzyme was induced by its substrate (Middelhoven, 1964). It 
ise niSsOsDOWweWelLeknowy thatthe adda tLon..oL Nee prevents or 
lessens the induction of arginase under these conditions 
(Middelhoven, 1968). Whether a competition between eee and 
arginine for the aporepressor is responsible for this effect 
or whether a separate repression by NH, * exists, cannot as 
yet be decided. Inhibition of arginase synthesis by NH,» 
suggests that one of the biological functions of arginine 
catabolism in yeast is to provide Nas We NE are avail- 
able in the medium, arginase will no longer provide a 
precursor of them. 

Eliasson and Strecker (1966) have reported experiments 
on the control of arginase levels in tissue cultures of 
Changs liver cells. They found that axrginase was repressed 
by woro line on A pyroline-5S-carboxy liceacid an send{pLoduct 
of ornithine catabolism. . They postulated that because 
ornithine transcarbamylase and ornithine-d-transaminase 
ConpeLead tone avycicdab Ves ocndthine; -an@initial increase. Win 


the level of ornithine transcarbamylase in the cells would 
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Peatmco=aedecrease=in them level of prolinetiormed , “ahais 
situation would thus lead to a derepression of arginase 
Syntiesis.* Since the"enzymes of arginine synthesis are 
known to be repressed by arginine, the ensuing increase in 
arginase activity would be expected to remove the repressor 


of the arginine synthesizing pathway. 


The studies outlined in this Introduction have helped 
Cem eowdcra much clearer picture: of the, ornibaine cycle in 
a variety of microbial species. It is clear from these 
studies that several distinct regulatory mechanisms can be 
recognized. Each mechanism is well suited to the physiology 
eandymetaebelism of the organism.  Daversity in control 
mechanisms may not necessarily indicate independent phylo- 
genetic relationships, since, in the course of evolution, 
natural selection has forced individual species to modify 
their biological activities to such an extent that different 
strains may be produced from a single species situated in 
different environments. Alternatively, a common control 
mechanism for the regulation of a particular metabolic 
pathway may be found in various species which have adapted 
themselves to a common environment. Therefore, in justifying 
a simple evolutionary origin for a complex metabolic pathway, 
io ms not surercirent «to demons travescCoumonmCatdly tlCesteps 
or common control characteristics that regulate these 
enzymatic reactions (Datta, 1969). Regulatory control is 


clearly only the step required to ensure balanced production 
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QOBeeiemendeproducts rence; yiteisanot’ surprising. that®even 
within a single biochemical pathway, considerable variation in 
theGoverallacontrol,pattern!is® the’rule rather than! the 


exception. 


Deg LlhretPresent Studies 


The information outlined above has given a much clearer 
picture of treworni thine cyclevinvasvarlety, ols plonts#and 
microbial species than existed a decade ago. In order that 
OULsunderstanding of the orn®thine, cycle in yeast, particul— 
arly its catabolic aspects, could be enlarged, the present 
studies emphasized the following major areas. 

(lee Wenroles, Of aratnine and ured tn the metabolism of 

Saccharomyces cerevtstae. 

These2mpogtance Of Opnathine cycle vamino acids and urea 
as nitrogen sources in plants and microorganisms is now well 
decumenteam(Atnow er alo, 1953; Baker and Thompson, 1962; 
Taylor and May, 1967; and Splittstoesser, 1969). Arginine, 
being particularly rich in nitrogen, can be recycled to form 
Other nitrogenous compounds. For example, Jones and? Boulter 
(1968) eceported that during germination of Vic7ta faba 
arginine breakdown accounts for 19% of the total nitrogen 
thateisstLe-=1ncoroporated by the tissues. Skanlier,, Boultem@and 
Barber (1963) examined the levels of various amino acids in 
germinated and ungerminated seeds of this species. They 
found that.in the ungerminated seeds, arginine was by far the 


Mos tbr Om nenteami nowacid, accounting =tonr 25% of the total 
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amino nitrogen. After 14 days of growth, however, less than 
6% of this amount remained but the levels of all other amino 
acids had increased, indicating incorporation of arginine 
nitrogen into other compounds. 

The-utilization of various nitrogen sources by micro- 
organisms has been known for sometime. For example, Hattori 
(1958) reported the ability of green algae to assimilate a 
variety of compounds including ammonia, nitrate, urea, 
arginine, ornithine and citrulline, presumably at the expense 
ofvenergyo liberated, by respiration’ as’ this latter process 
was commonly enhanced on addition of the nitrogenous 
compounds. 

The role of urea in metabolic recycling of nitrogen 
poses an important question in plants and microorganisms. 

In animals, the ornithine cycle serves to remove toxic, 
unwanted ammonia in the form of excretable urea (Forster, 
(MSA°ehMore eteat., 1965:' and’ Caliskyae@ats, 1968)¢iaHowever, 
ine paves sand Microorganismsr 1 taaS? tot bevexpected® tha teurea 
would be utilized in nitrogen metabolism. This subject 

Nas’ beenpalmatter Of considerable® controversy i(Boldard}) 1959; 
Hattori, 1960; Baker and Thompson, 1962; and Hodson and 
Thompson, 1969), and remains at present a largely unsolved 
problem. inthe present studies it was, therefore, of some 
interest to eis thel abilityeork yeasiiceldsmtolmiids ze 
arginine and urea as sole sources of nitrogen and to compare 
the effect of such conditions on the rates o£ growth and the 


free amino acid levels. 
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(b) Regulatton of ornithine cycle enzymes under 
different eulture condtttons. 

As outlined above, even a simple unicellular organism 
is able to develop elaborate control mechanisms to adapt 
itself to varying environments. Until recently, however, 
despite intensive work on the mechanisms for COmcerOL sol 
amino acid metabolism in yeast (Spiegelman, 1951; Ratner, 
qo DO teeanc Moat. and Ahmad, 1965) 7 several aspects of this 
important subject remained to be examined at the cellular 
level. For example, the importance of arginine in the 
regulation of its biosynthesis and Oe ean be 
appreciated by the following work undertaken by different 
research groups on: (i) feedback inhibition of the N-a- 
acetylglutamate reductase (DeDeken, 1962); (ii) repression of 
some enzymes of, the biosynthetic pathway (Bechet et al., 
D362) (ey inn beciLon oflormd thine transcanbamy lase 
(Bechet and Wiame, 1965); and (iv) induction of arginase 
(Middelhoven, 1964). However, apart from the work of Middel- 
hoven (1964, 1969), little detailed work has been published 
on the regulation of arginase levels in Saccharomyces although 
it is to be expected that the levels of this enzyme would be 
faitiyerigrdaly controlled.” *Furthermone,; as smenttonecdsabove, 
the fate OL Urea produced”"in” this’ réaction “andsevtsypossi0le 
eleece On tiemenzymes OLF the Cycle “remains tosbe Aanvestigated, 

The* pathways involved in urea utilization have’ been’ the 
Subject OL speculation Since Certain” evidence (Baker and 


Thompson, 1968; Roon and Levenberg, 1968) indicated that the 
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20% 
reactions used by some organisms might not be universal. 
On the basis of detailed work, Kasting and Delwiche (1957) 
reported the occurrence of arginase and urease activities in 
watermelon seedlings. They concluded that these enzymes 
functioned in a manner analogous to those of animals. 
Bollard (1959) has published data which suggests that the 
assimilation of urea in urease-free higher plants is 
accomplished through a process which is essentially a 
reversal of the ornithine cycle. A similar suggestion came 
Lconecnecss LudLesmoLyWalkem (1952)) with tCilonedla@a*e@However, 
MOSemreceniclLy stHattori,s(1960) ghasmpostulated that an acceptor, 
A, 2n7Chnlovrel ia cells, ceacts with either —freesNH, or urea as 


depicted. in sreactions, «3 vand 44.. 


2 N= te ee A (NHS) SG COU FCUUZH (3) 
NH» 

CO Ae A NEL oo te) BCO>. + 2H (4) 
NH> 


Kating (1962), using yeast, obtained evidence for a cleavage 
of urea to a carbamyl residue and ammonia. Valentine and 
Wolfe (1961) have shown that an extract of Streptococcus 
allantoteus produced glyoxyl-urea when incubated with urea. 
The glyoxyl-urea was then cleaved phosphorolytically in the 
presence of diphosphopyridine nucleotide (DPN), magnesium 
and phosphate, to carbamyl phosphate. Recently, Roon and 
Levenberg (1969) in their experiments with green algae and 
yeast, reported a new enzyme catalyzing urea cleavage by a 
reaction which was adenosine triphosphate dependent. A 


Lecent publication indicates that this enzyme occurs also in 
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Saeehqromyeces when grown in the presence of urea (Whitney 
BTCC OOS an 1917.0). 

In the present studies, attempts were made to elucidate 
tnesimportance Of arginine and Urea in controlling the 
activities of certain key enzymes of the ornithine cycle. In 
such investigations, it was expected that a close relationship 
would exist between the levels of arginase and other enzymes 
of the cycle. Considerable emphasis was given to an 
examination of the influence of exogenous arginine and urea 
On arginase since these compounds are the substrate and 
product respectively of this enzyme. 

(c) The general properties of yeast argtinase. 

Regulatory mechanisms in microorganism involve changes 
either in enzyme activity or in enzyme synthesis (Jacob and 
MNOnCd, MLO MoLa er al.,) 1965). To understand the 
properties of the enzyme itself, is, therefore, as important 
as examining changes in synthesis since both play a parallel 
PoulLemimadtiatligmiie Cells phys1ological condition eto 1s 
not uncommon that the same type of enzyme from different 
species may behave quite differently. For example, the 
arginase from uricotelic animals and Neurospora crassa is 
able to hydrolyze exogenous but not endogenously formed 
angivines (BYodskyrer al., 1965; Mora seta lye Joo. mand 
CariiskVac? abay  lo67)). These Qworkersealsoneported that ithe 
arginase from the last two organisms is a different protein 
from that of ureotelic animals. Therefore, identification 


of Saccharomyces cerevistae arginase as identical with or 
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Bess 
different from other species, and knowledge of its 
properties as well as its relationship with other ornithine 
cycle enzymes, would be required for an elucidation of the 


importance and position of this enzyme in this organism. 
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MATERIALS AND METHODS 


Chemtcals 


L-citrulline and the barium salt of argininosuccinic 
eaercewere- obtained from Calbiochem, California, U;S.A. 
L-arginine-HCl, L-arginine (free base), and all other amino 
acids were obtained from Nutritional Biochemicals Corporation, 
Cleveland, Ohio, U.S.A. Urea’ (ultra pure) was: obtained 
froumMannekesearch Laboratories, iInc., New York, U.S.A. 
Sephadex gels and dextran blue were obtained from Pharmacia 
Canada Ltd., Montreal, Canada. Cycloheximide, urease 
solution (80 units/ml) and bovine liver arginase were 
purchased from Sigma Chemical Company, Missouri, U.S.A. 
Hycel urea nitrogen reagent was obtained from Hycel, Inc., 
Texas, U.S.A. L-arginine (guanido-'*C) was obtained from 
New England Nuclear, Massachusettes, U.S.A., and scintill- 
ation grade 2,5-diphenyloxazole (PPO) was supplied by 
Nuclear-Chicago, Des Plaines, Illinois, U.S.A. Bactowort 
Agar was routinely supplied by Difco Laboratories, Detroit, 
Michigan, U.S.A. All other chemicals were obtained from 
Fisher Scientific Company, Edmonton. In every instance the 


chemicals. used were of the highest purity available. 
Organtsm and Methods of Culture 


Saecharomyces cerevistae (ATCC 9763) was purchased 
from American Type Culture Collection, Rockville, Maryland, 


U.S.A. and maintained in culture as described below. 
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Preparatton of Agar Slant 


25 gm of the bacto-wort agar were suspended in 500 ml of 
demineralized water and steamed for 10 minutes with constant 
Stirring. =O) ml olethe’ resulting solutivontweres thent pipetted 
into 20 x 150 mm test-tubes which were plugged with absorbent 
cotton, and autoclaved for 10 minutes at 15 psi. The tubes 
were tilted to form slants and allowed to cool. After an 
Inicusacer on pera ol 24) hours™at B02C Many tisillantst which 
showed growth were discarded. The remainder were stored in 


the refrigerator at 4°C for subsequent inoculation. 
Matntenanee of Stock Cultures 


Yeast cells were routinely maintained by transferring 
the cells to new agar slants every 2 weeks. Such transfers 
were incubated at 30°C for 2 to 3 days and followed by 


storage in the refrigerator at 4°C. 
Preparatton of tnoculum 


To prepare an inoculum, yeast cells were transferred 
from the solid medium to a liquid stock medium. This latter 
medium consisted of 100 parts of a basic culture medium and 
ipace of am aminosacid solution. A stall loopsor yeast 
cells was added to 500 ml of this stock culture medium 
contained in a 1000 ml Buchner flask. The side arm was 
attached to a vacuum system. The culture was aerated by 
drawing sterile air through the medium.  Asceptic technique 


was employed throughout. Such liquid cultures were 
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PicioateamLor 2470r 36 noure asi andicated. at 30°C.) Cells, 
which were at this stage in the exponential growth, were 
then harvested by aeration ait 20009s"g for 10 "minutes 
in a refrigerated centrifuge (International Equipment 
Company, Massachusettes, U.S.A., Model B-20). The super- 
natant liquid was retained in cases where analyses for argin- 
ine and ammonia were conducted, otherwise it was discarded. 
The cells were washed (3 times) with cold sterile deionized 
water and resuspended in 3 - 5 ml of ice-cold, sterile 


distiiied@water. 
Conditions for growth of experimental cultures 


Aliguots of the above dense cell suspension were added 
to Buchner flasks—containing appropriate concentrations of 
various nitrogen sources added as supplements to the basic 
culture medium in different experiments. The cells were 
incubated at 30°C (pH 4.5) for a time period appropriate to 
the particular experiment and with vigorous aeration. The 
cells were then harvested in the exponential growth phase 


abtcer-—chiJtiang-the-culture.in icesiorn54minutes:. 
Preparatton of liquid culture medtum 


(a) Baste culture medtum. 

This liquid culture medium, although completely devoided 
of any nitrogen sotirce, contained sufficient carbon, vitamins 
and minéral, Salts. to support growth of the yeast cultures. 


Table 1 summarizes the composition of this medium. 
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TABLE I 


CONSTITUENTS OF THE BASIC CULTURE MEDIUM 


Constituents 


Dextrose 
Vitamins 


Thiamine 

Inositol 

Biotin 

Calcium pantothenate 
Na cocaine acid 


Mineral salts 


KEL 

MgSO, © 7H2O 
FeCl3°6H2,0 
MnSO, -ti, 0 
CaGile.- 2.5.0 
KH, PO, 


Organic acids 


Potassium citrate 
Citric acid 





Amount/litre 

100 g 
2 > eng 
50 mg 
O70 2amg 
25 mg 
25.95 .Mg 
OFROD ae 
Orgs lkey 26 
5 mg 
5 mg 
Ot2 eed 
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Preparation of stock solutions; 

ALL stock solutions were stored in the refrigerator 
at 4°C prior to use. They contained the following 
components and were prepared as indicated. 

(i) ‘Citrate buffer solution: 100 gm potassium citrate 
and 20 gm citric acid were dissolved and made to 1 
litre with deionized water. 

VavievuceningsOlution LL: 3 l0emg thiamine and 1 gm inositol 
were dissolved in 200 ml deionized water and was 
Macemitp. tO sl elitre.. 

(111) > Vitamin solution If: 10° mg biotinswere dissolved in 
LUOmMt eo seethanol solweron (ethanol:water,, lL: v/v) -. 

200 mg calcium pantothenate and 200 mg nicotinic 

acid were dissolved in about 200 ml water; 8 ml of 

the above biotin solution were added and the volume 
was brought up to 1 litre with deionized water. 

Gime an tas Cut oneieen 17 gm KCl, 10-3 gm MgSOy-7H20, 

100 mg FeCl3°6H20, and 100 mg MnSO,°H20 were 
together dissolved in about 800 ml distilled water. 

2 ml of concentrate HCl were added. 5 gm CaCl2*2H20 

were dissolved in 100 ml water. ‘This was jadded sto 

the first solution and the whole made to 1 litre 
with deionized water. 

GHeSake Soliton 2ei22i om. Of FKHZPO, were dissolved 


in ‘deionized’ water and ‘made to 1 ditre. 


To make © latre of basic culture medium, 100 ml ‘citrate 


buffer, 50 ml vitamin solution I, 25 ml vitamin solution II, 
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SUBMie cache salts solution Loand Il were added to about 500 
ml deionized water. 100 g dextrose were dissolved in this 
solution. The medium was then adjusted to pH 4.5 by addition 
of 5 M citric acid, and the final volume was then made to 


telteresw1 ch deionized water. 


(a) Preparation of amtno aetd stock soluttons 

Table IIgives the levels of the different amino acids 
present in the amino acid stock solution. The amino acids 
were dissolved in 50 ml of deionized water at 50°C. Complete 
solution was achieved by the addition of 10 ml concentrated 
HCl. The final volume was made to 250 ml with deionized 
water. 

All culture media were adjusted to pH 4.5, sterilized 
tThmtiesautoclave for 10 minutes at 15 psi, cooled and 


inoculated within 24 hours of preparation. 
Measurement of cell growth 


(a) Determinatton of the growth curve. 

The growth of yeast cells in different culture media 
was followed spectrophotometrically using Beckman DB-G 
spectrophotometer. Optical density at 500 nm was measured 


frequently throughout the growth period. 


(b) Determination of dry wetghts. 
eter harvesting sand washing wath) distilled water,” an 
aliquot of the cells was suspended in 2 - 3 ml of distilled 


water in a 50 ml plastic centrifuge tube. The suspension 
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COMPOSITION OF THE AMINO ACID STOCK SOLUTION 


Amino acid 


DL-leucine 
Deol enc ne 
DL-valine 
L-cystine 
L-tryptophane 
L-tyrosine 
DL-phenylalanine 
IL-glutamic acid 
DL-threonine 
DiL-alanine 
L-aspartic 
L-lysine HCl 


DL-methionine 


L-histidine HCl-H20 


DL-serine 
L-proline 


Glycine 


g/eolMmie Olas olucion 


0525 
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30, 
was frozen by immersion in a dry ice-acetone bath. The 
Peozenecel Vs*were then’ lyopnilizedsinea Virtis Automatilc 
Beeozer-prvyer (Model 10-0110) rors: hetics*for “until? astine 


powder had formed. 
Sephadex column chromatography 


Sephadex G-25 was suspended in distilled water and 
Don tedeeorm eeiounm) with ‘constant stirring. The) fines were 
removed by decantation and the gel was then placed in vacuo 
to remove air bubbles and followed by pouring into a jacketed 
COlumunwuncer #gravi cy cto give aetinak bed obo x-220"cm.* ©The 
Sephadex was washed with 200 ml of 0.01 M potassium phosphate 
Dumcem (pl /. 5) and kept at 4°Cvuntil required. 

Sephadex G-200 was soaked in 0.01 M potassium phosphate 
Diem e(plee/re>) ror 3 days "at 4°C with occasional stirring. 
The fines were removed by decantation, air was removed tn 
vaeuo and the gel was packed into a jacketed column giving 
ating Wibed*volume of°9258x51 ‘cm.."The Sephadex G=200 «column 


was then kept at 4°C until required. 
Celtl-free extracts 


hE thee end ofthe “cul ture! permaicdy? tie %ce Elistwere 
harvested and washed three times with ice-cold distilled 
water. The cells were resuspended in 10 mM 2-mercaptoethanol 
containing 1% NaHCO; (Middelhoven, 1964), 0.5 ml being used 
Pemget wie OLicewis she calls weretdisicegrated by 


treatment in a Fisher Ultrasonic Generator (manufactured by 
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Se 
Blackstone Ultrasonic Inc, Model: SS.0), . The suspension, 
contained in a 50 ml plastic centrifuge tube, was immersed 
in an ice bath. In every instance, the cells were. subjected 
Lomi nrecs laminute: periods, ofasonications,with.pausestiof..60 
seconds between treatments to prevent excessive heating. 
The suspension was then diluted 4-fold by addition of 0.01 ™M 
potassium phosphate (pH 7.5). Cellular debris were removed 
by $centrifugati onmtor.10. minutess at 18) 000s xXag wi The) super— 
natant was stored at 4°C. No loss of arginase activity was 
observed when extracts were stored at 2-4°C for periods up 
EOeomaayS.m LOSSes Of6.50-60%,0fsarginase)] acta vadcye occurred 


after storage periods of 10 days. 
Parirtat purty tcatton of cell-free extracts 


(a) Sephadex G-25 treatment. 

All procedures were carried out at 4°c.. The cell-free 
extrect (sam) .containingsaporoximately.~25-35 mg protein, 
WereyAppliedatonased .6x20,cmacolumnsofasephadexagGa2 5pand 
elucedpwiths0.01 M.~potassium,phosphatey (pHad-5)iag Huactions 
of 3 ml were collected at a flow rate of 60 ml/hr using a 
reprageratedsesuciilersEractionyColilector (Model}3k24900)caaihe 
budkmotwticwappiliedeprotein wasecollectedeingtraction 6-8” 
These fractions when pooled and assayed for enzyme activity 
showed that approximately 80-90% of the initial arginase 


activity. was present. 


(b) Sephadex G-200 treatment. 


Gel filtration of cell-free extracts was carried out 
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323, 
using Sephadex G-200 by the method described by Andrews 
(1965). Samples of highly purified proteins, of known 
molecular weights (Mann Research Laboratories) were used to 
obtain standard elution volumes. The positions of these 
proteins in the effluent from the column were determined on 
the basis of extinction measurements at appropriate wave- 
lengths (Andrews, 1965). 

Before use, the columns were equilibrated with 0.01 M 
boGassiumspnosphate buffer 4(pH 7.5). 0.5 ml) of the cell-— 
free extract, containing, approximately 10 mg of protein, 
was applied to the top of the column by layering under a 
small volume of buffer already present. Pressure on the 
column was maintained by using a LKB Perpex peristaltic 
pump (Model 10200) connected to the top of the column. [In 
this way a steady flow rate of 20 ml/hr was obtained during 
elution. All experiments were carried out at 4°C. Before 
samples were applied to the column, uniformity of column 
Dackingewasmucuecked by passage of a Sample of Blue Dextran 
2000 through the column. The column effluent was collected 
in fractions of 3 ml. Each tube was assayed, quantitatively, 
EOr protein content (see later Section) as well as iscannedgat 


280 mn using a Beckman DB-G spectrophotometer. 
Assay of argitnase activity 


Except as mentioned below, arginase activity in either 
the initial cell-free extract or in the partially purified 


enzyme preparations was assayed using the following reaction 
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SHES 
system. Enzyme activation was achieved by pre-incubation 
with” 10 umoles manganese maleate (pH 7.0) for 30 minutes at 
30°C, Arginase activity was then assayed by incubation of 
activated enzyme with 140 umoles of L-arginine (free base) 
Pie oe tinal volume of the reaction system was 0.5 ml. 
ABCCreI Ncupatcvon tor +LO"minutes at 30°C, the reaction was 
stopped by adding 4 ml of Hycel urea nitrogen reagent. The 
color was developed for 12 minutes in a boiling water bath 
followed by immediate chilling of the tubes for 3 minutes in 
an ice bath. The yellow color developed with urea was 
neeear ee at 490 nm. Control systems, which did noc include 
fetter enzyme OL substrate, were included. The final color 
yield was corrected for these controls. The quantity of urea 
liberated was determined by reference to a standard curve 
prepared under the test conditions with a standard urea 
solution. 

In kinetic and inhibitor studies, arginase activities 
were assayed by a slight modification of Middelhoven's 
method (Middelhoven, 1969). In these cases, arginase was 
assayed in the following manner. Equal amounts of 40 mM 
manganese maleate buffer (pH 7.0) and 40 mM TrisHCl (pH 7.0) 
Were Mixed to LOM Mn?’ -TrisHCl DULDe Gat DH menU )erme Lie 
partially purified enzyme (0.1 ml), aporoximately 0.1 ng protein, 
was pei tate 6 gale a xa Mn**-TrisHCl SOLUtLILOne at ou oC 
EOL LO SHULUULeS «a4 uMoles of sodium glycinate buffer (pH 7.0) 
and 100 umoles of l-arginine (pH 9.2) were then added to 


make a total volume of 0.5 ml. The whole mixture was then 
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34, 
incubated at 30°C for 10 minutes, The reaction was stopped 
by addition of Hycel urea reagent as described above, 

One unit of arginase activity is defined as the amount 
of enzyme producing 1 umole Of Urea Ol Ornithine per hour-at 
So Ceunodcr etic reaction Condi tvons specified. opecitic 


enzyme activity is expressed as units of enzyme activity per 


mg of protein. 
Assay of orntthine transcarbamylase activity 


The following reaction system was used in assaying 
Ornithine transcarbamylase activities. “The partially 
purified enzyme was incubated with 200 umoles Cnet sicr 
DUwter (pi e.>) , 850 NmMOLeS Of f-Ormitiine-HCl (pH 8.5)? and 
Z0sumolLes Gaciy OL carbamy!l phosphate and MgCl,. “fhe total 
volume was 3 ml/’and incubation was for 30 minutes at 30°C. 
The citrulline produced in the reaction was assayed by the 
method of Grisolia and Ratner (1955) as modified by Shafer 
and Thompson (1967). The reaction was stopped by adding 
4 ml of an acid mixture, made by mixing 0.237 g MnSo,-°H,O in 
396 Ml, OL Gistilléed water with ls8°mlvov lr MoreCl. solmtron, 
BUGEM. concentrate H,P0O;, and 100 ml Concentrate HoSO,, 
technical grade. Without delay, 0.25 ml of 3% aqueous 
diacetylmonoxime solution was added followed by thorough 
mixing. The tubes were capped and heated in boiling water 
for 15 minutes’ in darkness. The tubes were cooled in tap 


water in darkness for 10 minutes and absorbance at 490 nm 


was determined within 20 minutes. Corrections were made from 
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oe 
reagent blanks.which were mainly. due to traces of urea in 
the carbamylphosphate. One unit of enzyme activity is 
derined as the samount.of enzyme producing: 1 umole of 
Seoul inosine hour ate30°C tnder thesseaction conditions 
specitied. specific enzyme activity is expressed as units of 


enzyme activity per mg protein. 
Assays of argintnosucctinate lyase activity 


Diem as eave Was eaACCOLrdi ng tOmeRainerectea. 1053) 1. The 
PooceLOnesVeLemaconsistedeolyoinga total volume of.0,5am1, 
partially purified enzyme preparation (after Sephadex G-25 
treatment), 2 umoles barium L~argininosuccinate, 10 umoles 
K,SO,, 50 umoles potassium phosphate (pH 7.4) and 1 mg of 
bovine liver arginase (Sigma). The mixture was incubated for 
30 minutes at 30°C. The reaction was stopped with 4 ml of 
Hycel urea nitrogen reagent. The primary reaction products 
were fumarate and arginine. The latter, after conversion 
to urea by the addition of arginase, was assayed as described 
earlier. One unit of enzyme activity is defined as the 
amount of enzyme catalyzing the production of 1 umole of 
arginine per hour under the defined experimental conditions. 
Specific enzyme activity, is.expressed as units of enzyme 


activaty.peramg protein. 
Assay of orntthine 6-transamtnase 


The spectrophotometric assay of this enzyme depends on 


the hydzuolysiseof L-ornithine, formed in the enzymatic 
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reaction, to glutamic y-semialdehyde, which cyclizes to 
Forman =pyrcodine-5-carboxylic acid and then reacts) with 
o-amino-benzaldehyde to yield a yellow dihydroquinazolinium 
compound (Albrecht and Vogel, 1964; Middelhoven, 1964). The 
standard enzymatic reaction nee Gontained,  tnsa total 
Volumen om 05 anl, 50 umoles of potassium phosphate buffer 
(pHa? <o)i, 2 uUmoles L-ornithine, 2 umoles of o-ketoglutarate, 
0.01 umole of pyridoxal-5'~-phosphate, and enzyme preparation 
containing approximately 100-200 mg protein. After an 
incubation period of 30 minutes at-30°C, the reaction was 
SeOOPeCe Dyeacditi0On OL 0.3 mMIl6ON HCl. “Two types of controls 
were included, firstly, a reference blank from which the 
enzyme was omitted and secondly, a control from which 
L-ornithine was initially omitted but supplied following the 
addition of hydrochloric acid. The tubes were then covered 
Wate umiarun toll and heated in bo1ling water bath ain 
Gauknesseroreo0 minutes. After being cooled to 25°C, 1 mil 
o£ 3.6 M aqueous sodium acetate and 0.2 ml of 0.033 M aqueous 
o-aminobenzaldehyde were added to the mixture. The tubes 
wemerallowed to stand for 15 minutesat 25°C.) The absorbance 
Of the resulting yellow solution was determined in a Beckman 
spectrophotometer, in quartz cuvettes with a 1 cm light path, 
ate 440 nm. The solution was claritied by *centiitugation 
prior to absorbance measurement, if necessary. 

One unit of 6-ornithine transaminase is defined as that 
amaunt. of the enzyme which will yield an absorbance of 0.100 


when tested under the standard conditions of enzyme assay. 





ot sos itive Weta hye sihisemt oihatute ot 
; oe 
igiv eio5ex msds ba GES Oh si egRodanset ~onrbbowsya~B' 68 
mePaifornalipausylis + wot fiek & ary ow strerabiesnsd-on hemes 
ec? -. (P@CL .novedlebbin :#aeL .fepav Das ganesaa lk) “beneeaod 
Pstot « ni \ Boni Sano o1utnin woltesea Dictaedtyans pishaage 

Tet ted sesiceods wuiczessog I estan oe her es 0 20 smutow: 
S762630L podow-p Yo gato ¢ ,anirdiaios! aviomy $ .(.t Hig) 
nobdstsqoig ofiyeas Boas ,otsilqe2org-@+ianebinyg to efomy 10.0 
tH wSsttA .nte er pm OOS-09OL eo oT paint aa 

as noijops: of} .D°OE ds esaupba OE 20 hot 1s¢q. nots sddone 
gioidrien io saqcys ow .191 Wd Im £50 Io mois ibbs ve botgete 
emt dois mos? sear: werre yy Visewss sbobutont SsSw 
Astle niost Loudnoo + yl eee bat bas tino esi snysne 

ems pitawolies boitqque jac becoim> yi BAe Baw onirls kere 
beitsvoo ord stew seeds of Bion trot doenbry ‘86 no ie EB 
nd ted tetew px pl iod ee beveed Bis Iie} nis herdmacih avi 

fa £ ,9°@S as he foes pried yesIA ~. eed unin O£ xot cone, 
evosips M Ef0.0 - Lit oS, 0 “Sees eedeba au fooe eos Soups M 2. t to 
esdud HOT ) .oxiyxin oife oF Dobbs S18" obydebt ax nedeeia | 
eonadiedis silt .o°FS se ers oy 102° bred 2 og bowol fi exoy . 
Rumyines 6 oi er ae nditpios wo fay pid Ines ony 36. 


ptt ere mat a ie co eHS -SIZ6up ik eae machen -° : 


L - 
“ay 


kg meters dw sOF2UOR te san vo 


- 


to F - 2 
“~~ : ~ 


ar : ree eo e 





BILE 


This absorbance value corresponds to 0.086 umoles of synthe- 
GEC ee pyrrOline—-5-Carboxy!iciacia hydrolyzed per reaction 
mixture (Strecker, 1960). Specific enzyme activity is express- 
ed as units of enzyme activity per mg protein. Data presented 
in the Results section for all enzyme assays are average values 
derived from measurements made in at least triplicate. Varia- 
tions within different experiments were consistently within +103. 
Esttmatton of protein content of enzyme preparattons 

The protein content of enzyme preparations was estimated 
Be OTnetr ically as edescribedgby slhowry vet eal10195 1), 
Grystaltine egg albumum was used as a reference standard. 
ROdTOLSOCOPLC assay Of arginase Gettvity 

L-arginine (guanido-!*c) was used in a radioisotopic 
assay of arginase activity in yeast extracts. This enabled a 
study of the effect of urea and L-ornithine on the rate of 
arginine cleavage in the enzymatic reaction. The method was 
eatodmreation or that described bysRighetti ef al. (1967)e 


1*c-urea from guanido- 


ThtcmeiseDased son the formation of 
labelled arginine, followed by chemical cleavage of this 
Eeaction product with sodium nitrite and HCl) to give COs 
The latter ike collectedpand assavyedptom—aic. 

Incubations of arginase preparations and substrate 
were performed as described previously in this section. The 
reaction systems were incubated in 25 ml Warburg flasks 
fitted with alsidevarm and having a centre swell. | The 
Substrate was) prepared by mixing 4 ml of 0./ M L-arginine 
Solimterone pied. >) ewuth) 500 ut of L-arginine (guanido-!"c) — 


WiWEChehedmalspeciubiceactivity of 4.58 uc7umele. In every 
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SL 
assay, approximately 0.3 - 0.5 mg of protein (Sephadex G-25 
treated enzyme) and 280 umoles of L-arginine were incubated 
together. fAfter incubation, the reaction was terminated by 
Sccing@elemlor IN HCL. “Then? lemleot 5% NaNO.wsolution was 
Piecedein the side arm, and 0.3. ml of Hyamine hydroxide 
(50% aqueous solution) was placed in the centre well. The 
flasks were sealed with glass stoppers and the NaNO, solution 
in the side arm was tipped into the reaction mixture. During 
liberation of '"*CO., the flasks were placed in a Dubnoff 
metabolic shaking incubator (Precision Scientific Company, 
Chacegogn UsS JAl operated: ate38°Cis!) Completehabsorptiontoft 
iGO > was ensured by shaking the flasks for one hour. During 


the last 10 minutes the temperature was raised to 50°C. 
Measurement of absorbed }*CO0»2 


When CO2 liberation was completed, the flasks were 
opened and the hyamine solution withdrawn to a liquid 
Seintillataon vialjicontaining 15 mleofethe,followang 
solution: 400 ml of 0.6% PPO in toluene and 300 ml of 
absotutewethanoie (Righetti esladered968)er Thefyrals were 
shaken vigorously for a few seconds to mix the mee eee and 
the centre wells in the Warburg flasks were rinsed several 
bimes with smaildaliquots,ofgthe scintullationgilunds, The 
vials were then counted under predetermined balance point 
conditions ina Jiquidrscintillationgeounters (Nuclear 
Ghacagose Corp -o_Uniluxp,lieModel)..11]Gontrol reacbionysystems, 


containing enzyme, were routinely included in all such 
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or. 
assays. The counting efficiency was approximately 76% as 
determined by the channels ratio method. All counts were 


corrected for background. 
Cyelohexitmide feedings experiments 


Cells harvested in the exponential growth phase from 2 
litres of basic culture medium containing amino acids were 
used for inoculation of two experimental cultures. One 
contained the basic culture medium supplemented with 2x10 ?M 
L-arginine while the other contained the basic culture medium 
Supplemented with 2x10 7M urea. Cells were then harvested 
meOMmoacheat thesend of a Lives hour incubation period at 30°C, 
and washed three times with cold distilled water. One 
quarter of these cells were sonicated as described earlier, 
subjected to the Sephadex G-25 treatment and assayed for 
Scoinascemactavity.. The rest of the soit were resuspended 
in 500 ml of the basic culture medium supplemented with 
22 10MM areaw Cycloheximide, at a concentration Of elLOmig/ my, 
was added as indicated in the Results Section. Aliquots of 
the cultures (100 ml) were collected after different periods 
Aro eGcowtiuly chilled inedn WCcesbath jecentmt huge 7 mand. 
washed three times with ice-cold distilled water. These 
cells were then disintegrated by sonication treatment, the 
extracts passed through Sephadex G-25 and assayed for 
anginase activities. In all cases), growth of the cultures 
was measured spectrophotometrically using a Beckman spectro- 


photometer as mentioned previously. 
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Free amtno actd. determinattons 


Gevyels of citrulline, arginine and urea, in the culture 
Necdmamandsin cell extracts, were determined by colorimetric 
essays asecescribed in detail in am earlier section of this 
thesis (page 33 ). Levels of free amino acids, ammonia 
anomicea y= oOUl inh Che cultures mediayatter incubation and in 
extracts of cells grown in various media, were determined in 
a Beckman Automatic Amino Acid Analyzer, Model 121. For 
such analyses, the free amino acids in cell extracts were 
Peo, atede oy the following method. | Cells from 100 ml aliquots 
of the appropriate culture medium were harvested by centri- 
fugation, washed and resuspended in 2 ml of cold distilled 
water. The suspensions were then sonicated and heated ina 
boiling water bath for 6 minutes. The temperature of the 
cell suspension was rapidly raised to about 85°-90°C during 
this time period. Denatured protein and cell debris were 
Poemoveaqsby Centritugation at 19,000 x=g for 10 minutes. =the 
resulting Supernatants were passed through columns (1x6 cm) 
of analytical grade cation exchange resin, Dowex 50W-X8 (Ha 
form) 100-200 mesh (Bio Rad Laboratories, Richmond, 
California, U.S.A.). The columns were washed with 40 > mljor 
deionized water and the column effluents were discarded. 
Theramino acids were eluted by addition or s0°mljor 2NTiGl. 
The eluted HCl, containing the amino acids, was then dried 
tn vacuo in a Flash-Evaporator (Buchler Instrument, Fort 
feo on )ethe dried: Lesluue was itanally 
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amino acid extract was then subjected to analysis in the 


MuirNomnercdeanalyzer using UR=30) and PA-35 spherical resins 


(See ManeimseLuMments, LNG. callrcornia, Uso.A.). -Thereluting 


buffers for 
were 0.20 M 
amino acids 
citrate, (pH 
present was 


all buffers 


separating the neutral and acidic amino acids 
crcrate butter (plea comand: bu 4 25) er new basic 
were eluted from the PA-35 resin using 0.35 M 
5.25). The concentration of each ns acid 
determined by the HxW method. The pH values of 


were measured at 22°C. 
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RESULTS 
_ Growth of yeast cells tn vartous culture medta 


Before any attempts were made to study regulation of 
KReeb-Henscleit cycle enzymes, ft was necessary to obtain 
information regarding the growth of Saccharomyces cerevistae 
under different culture conditions. Growth was monitored by 
taking aliquots of the cells from the media at various time 
intervals, making appropriate dilutions, and measuring 
optical densities as described in the Materials and Methods. 
The results of these ee een (Surg ures) He siiow, 
that cells grown in the basic culture medium supplemented 
Wie meclewani ioeacld solution (10sml/ ili tre: culture medium) 
were growing exponentially 12 hours after inoculation and 
furthermore this phase of growth was maintained for more 
than 30 hours. Such cells were harvested during the 
exponential phase (24 hours from inoculation) and used to 
inoculate a basic culture medium supplemented with 2x10 7M 
L-arginine and 2x10 7M urea respectively (Figures 4a and 4b) 
Considering the change in optical density with time, it is 
possitolemto identify a lag phase; betweens time: 0 ands Zakours 
in both cultures. A phase of logarithmic growth, occurred 
between the 2nd and the 15th hour ain =case: of tie L-arginine 
supplemented culture (Figure 4a) and between the 2nd and 
18th hour in case of urea supplemented culture (Fagure AD re 
Post-exponential phases were obvious after approximately 


20 hours in both cultures (Figures 4a and 4b). When the 
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FIGURE 3 


GROWTH CURVE OF YEAST CELLS IN BASIC CULTURE MEDIUM 
SUPPLEMENTED WITH AMINO ACID SOLUTION 
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data represent average values from four separate experiments. 
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FIGURE 4a . 


GROWTH CURVE OF YEAST CELLS IN BASIC MEDIUM SUPPLEMENTED WITH 


20210 *M UREA 


FIGURE 4b 


GROWTH CURVE OF YEAST CELLS IN BASIC MEDIUM SUPPLEMENTED WITH 


2210 7M L-ARGININE 


In each case the cells were initially grown with 
aeration in the basic medium supplemented with the amino acid 
soOlutionm(lOSileper litre). After 24enourcssat 30° Cpr sampies 
of the cells were transferred immediately to the above media 
and harvested at intervals as indicated. All readings were 
made" arter ‘a 10-Loldvdilution. 

The data represent average values from three separate 


experiments. 
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45, 
slopes of the exponential phases in Figures 4a and 4b are 
compared? tiis obvious, that thescells. cultured in the 
presence of exogenous urea grew slightly more rapidly than 
those in the arginine medium. In both cases, high optical 
densities were reached indicating that these nitrogen sources 


were utilized by the cells. 


Hffecets of some nttrogen-rich compounds on the levels of 


arginase tin vtvo 


As soutlined.in_ the sintroduction,-enzymes.of the Kreb- 
Henseleit cycle in microorganisms, are scrupulously control- 
led. It is well known that arginine represses most of the 
enzymes catalyzing arginine synthesis. This is especially 
well documented for Escherichia colt (Vogel, 1961; Forsyth 
Cra 969) eet In} Saccharomyces , «Bechet, et.at.< (1962). and 
Middelhoven (1969) showed that ornithine transcarbamylase 
was repressed by arginine. However, possible effects on 
arginase activities were not examined in detail. In the 
presemtestudies, the influence of some nitrogen—rich 
compounds, on the levels of arginase in yeast cultures, 
was examined. 

In.order to determine changes in the levels of arginase 
Present ahnecsude extracts, | thescel lsywere harvested al athe 
end of growth periods on various supplemented media as shown 
ive Mable Hidewt ltd Seuclear that specific enzyme, activities 
diGreredwin celle crown, in theipresencer of different 


nitrogen compounds. L-arginine, at a concentration of 
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46, 
2x1072M, gave the highest specific enzyme activity while 
urea and (NHy) 280,, both present at 2x10. *M, gave the lowest 
specific enzyme activities. Cells cultures without a 
nitrogen supplement were found to have a specific enzyme 
activity between these extremes. When the arginine 
concentration was increased from 2x10 ?M to 2x10 1M, the 
specific activity of arginase decreased from 31.80 to 9.60. 
This may be due to an accumulation of urea formed from 
arginine as addition of urea to the basic medium resulted in 
decreases in the specific activity of arginase. Various 
amounts of arginine added with ornithine, urea or NH2SO,, 
tended to increase the levels of arginase to some extent 
(Table III). Ornithine alone, when present in the culture 
media, decreased the enzyme activity below that of the 
e0ntrol. Thus’? the products’ of arginase activity appeared 
to exert a repressing or inhibiting effect on the activity 
of this enzyme while the substrate, L-arginine, appeared to 
induce increases in enzyme activity when added in low 


concentration. 
Derepresston of arginase by arginine supplements 


Followings the preliminary studies, described above, sit 
was of interest to determine what changes in arginase levels 
would occur when cells, grown initially on media containing 
2x10 2M L-arginine and 2xl0. *M urea, were inoculated into 
media supplemented with arginine in different concentrations 


and with a combination of L-arginine and L-citrulline or 
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48. 

L-ornithine. Table IV shows that as before cultures grown 
in the presence of 2x10 ?M L-arginine contained the greatest 
enzyme activity. However, in this experiment it is clear 
that within 5 hours of transfer from a urea containing medium, 
the levels of arginase had risen substantially. This 
observation is highly suggestive of a derepression of 
arginase under these new culture conditions... These changes 
were readily reversible on transfer of such cells to suitable 
media containing urea as described in a later experiment. 

These data, therefore, confirm the studies made by 
Middelhoven (1964, 1968) who demonstrated that arginine 
readily induced arginase and that repression of this enzyme 
occurred in the presence of ammonium salts. It is also clear 
from this experiment (Table IV) that yeast cells when grown 
in an environment rich in carbon sources, but devoided of 
exogenous nitrogen, are capable of maintaining a certain 
level of arginase activity above that of urea grown cells. 
This level of enzyme activity was elevated or depressed 
depending on the presence of certain nitrogen compounds in 
the culture environment. 

In a further experiment, the derepression of arginase 
by arginine was followed as a function of time (Table V). 
Within 30 minutes of transfer from a urea containing medium 
therspecitic activity Of arginase rose mores than five times. 
This was followed by further increases until at 6 hours the 
Specific activity Of erginase was fourteen times that of the 


urea grown cells. 
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AQ, 
TABLE IV 


DEREPRESSION OF ARGINASE FOLLOWING GROWTH 


IN THE ABSENCE OF UREA 


ss 0. 5s 


Supplement to basic ; Speciftvetactivity 





culture medium (umoles urea/hr/mg protein) 
None i. 0 
L-arginine (1 x 10 !mM) 9.60 
L-arginine (2 x 10 2M) 16.60 


L-arginine + L-citrulline 
(Oe 02M) 12.40 
L-arginine + L-ornithine 


(2510 eM) 12.80 


Cells were initially cultured in the basic medium supplement- 
edewith) 2xl00°M urea and 2x10 °“M L-arginine, for 24 hours 
(specific enzyme ACELVLLY wld), abo Plowed aby transfer to the 
indicated media. Cell-free extracts were prepared after 

5 hours of growth. Data were derived from three separate 


experiments. 
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TABLE V 


DEREPRESSION OF ARGINASE BY 2 &% 10° 7M L-ARGININE 


AS A FUNCTION OF GROWTH TIME 


——  — ——— ————————— ESSeEeESeeeeM 


Culture period Speciticoactivity of sarginase 
(hours) (umoles urea/hr/mg protein) 
0 eee 
Ovo 6.6 
iL sya) 
I bess) TAD 
2 SD ests) 
255 1056 
3 LORS 
SEAS) Ta. 0 
4 Peroz 
5 15.0 
6 LGro 


The yeast cells were initially cultured in the basic 


culture medium supplemented with 2 x 10 *M urea for 4 hours 





before transfer to the arginine supplemented medium. 


The data represent the mean of 2 separate experiments. 


ne > Met, Sg Ys 












Y HIBAT 


SHLEANAA~A MM’: ieee. F i] 4 ENF EORe 10 HOLS yan 


ME NIVOLD: = OTRO ME avaay 





SAibis 20 yhivisokR ocoioece . bOLiee- 
(so ce. fat is | i, c\ THN anti «14 f ie On ae : 


a ~ eas —— ers _ - LT 


~ 
‘ 
eo 6 


J ry 
rf 
‘ 

fo - 


-— -4 


S co 
4 © 
tw i} 
> 7. wv! 


eae 
om & 


ed ~_ 
rr eet = arenes Seiad 
. ‘ 


Siesd ott oi baxities whites inl axa 81 $99 oad 





aso * x03 HOEY me Ol x < igiv badgitb gate moikea 


: 






anit Sstnecolqqure pe ai od Rtgs” 


ra ~ es Mees 


-Tpy 


ay 


aid 


— 


bay. 


Perveppearcd@ likely, thatetiese: changes of acginase 
activity were reversible on transfer of the cells to suitable 
media (Tables VII and VIII) and time-course experiments 
(Table V) suggested that repression and derepression of this 
enzyme may be involved. When cells are grown on a basic 
culture medium, arginase is synthesized at a constant "normal" 
rate. On addition of urea further formation of the enzyme 
immediately ceases, and the content of the enzyme per cell 
gradually decreases as it is diluted by growth. This was 
Shown by the decrease of specific activity of the enzyme 
determined on basis of protein concentration. When the urea 
wasexhausted or arginine added, the enzyme was synthesized 
again (Table VIII). However, instead of taking several 
generations to build up the normal level, there is an 
explosive preferential synthesis of the enzyme which restores 


the "normal" level in a very short time (Table V). 
Column chromatography wtth Sephadex G-25 


When cell-free extracts of yeast cells were passed 
through columns wisSephadex G-25, the specific activities Of 
arginase were increased by a factor of 6.4 (Table VI). fThis 
increase occurred irrespective of the culture conditions 
employed forsgrowth jofathe cells. ~ihese m@bservations,, there— 
Lorem Support the contention that Changesmingthe specific 
activity of arginase are the result of the changes in the 
PacevOtsSvnunesiS de 7ovo. At, alternatively, the decrease 


in arginase when urea or ammonium salts are present in the 








bantipis 26 eopapilo, beefs. dant, yeewer Koteoade 
6idesive of 2ifed oS Jo wstedast tH ofetie raven Siow 


Ednomsusaxs egives—aart Dre (PTV fae -itV esfdast) 


Stent tO nwotpy ovo allies asaiW |. beeievar sd yea OMS HO | 
Peden” dnedeaos & 46 bosizsotlfdye at sentipae ~mergbem sos two . 


7 


anywsns andy 6 ne - rsftvut sou Jo not ibee 1 Vesee 
ble 29890 ‘smi: ori) ; 5 tratoop of fate ,aeenen yleseibamts 7 
eaw 2fdT ndwoxp Yc bstolib si 31 es Seaneaoss vil subsp 
siivenS Sr » Vt Evils, 51 ‘ 72 to saesie0b ofa yd AWORE 
&o7xu SsAd ore th tatomgy 20. @lead no bon Leena 
ion Li ‘3. gaw emysns sist /babbe ontmapas to ‘bod wee esi 
lars 2 ft : ae = ae ; O baott j a 2 Sy 4) oH & a +0 ext clés) atses ¥ 
cald -qu-Ditud Gg cob ersnep } 
EpSatior as fipitiw + ‘fi 923 . Che ; pees Ve I8a7137 73 “6 ov Leolgxe> | 


~(¥Y oidsT) emta txofe viev. 6. nf. feovel “Ilsaaan* eae 


at ashotyet Hein giepeped anetAa jee - 







ao) BSisivisos sitiveqe eft) .22-0)eebidess Yo zamgloo uted 


See stiV SicistT) $.5 Jo x0308% 6 yd HSeesoton! etew one 





to: sty cugentys bestsin90 


poebrn Re ncorr oon ‘ 7, 


a a 
‘ oo. 


7 tit HITS exiatn oi3 . 









62. 


* SZUSUTASdxs 
aj1erzedes ¢ Jo ehezeae ey jUueserzdez elep ou pue 4sazeoTTdnp ut pedesse 
sem owAzue oud - SUOTATPUOD uOTIOReT prepUe IS OU AEepUN poekesse sem sseuThay 


*-eTpaul saogqe eyuy UT sanoy 7 zO0F UuMOTH STTe. wor pezederd o29MmM szZOeARX” 








v9 8°97 OZ ay, (W, OL X ¢) SOS agua 

7°9 PALS O€°? (W,_O0T X 2) Bern 

v9 Cue Leb 0°8z (W,_O0T * Z) eUuTUTHre-T 

(TeUTZ/TeTITUT) G7-D xopeydes G7-D xepeydes 2UATM pejZueweTddns 

Sots LIers Tooas SAN, ezrO Fo, UNTPSeW Sansa TNO use” 
FO OTILY 





(utTeqjolad Su/azu/eesan seTounr) 
eseutbae go AATATRIOe OTZTOedS 





G8-D XHQVHdAS HLIM ONIDTVSAC YADAV SNOILVYVdadd ASVNIODUV AO SHIDIALTIOV OTALIOAdS 


IA aATavh 





: ic ‘. * -_ 
‘a 7 
ota Or s i Saal he 
¥ Ff i 
: ; 7 = 7 


ie CUCAGMS BETY OWLTSARSC BOTEA BROLTARASSAT ZEMWLOMA TO AHLTIVT 





Seanipze 260 Wivisos oftivcedq2 
(pisetor>g pian te\eseu “selom)) 





rad 5A 6tG6258 "wet bee See 
ESO xebsrqadc CGH) xshsiiss isle Dee 























O.9t o.-8s (24* OL x S} on 





as 
ha | b. VS DE oh (o> Oe x a8 
wre 8.9¢ ‘Seb it? on ee 
. 
seisem svods sik tt Lu b m wai Ls>1o71.B¢ HUSIG Siow 
Baw omysms off ~“.enditibaoo soigns reboas 3 twsict beyseasy aw 
s¥sisaqse € Ic spextsevs. stit tressigsi Sie5 ort bri 15755 LiqGub re 


$2 


*sqzUSWTAedxe oRerzedes ¢ Jo shHexoae ouq yueserdez 





in elep ou. pue ‘UOTIeOTTAnp ut poAesse sem owAzus ouL ’etTpew pejuewetddns 
MOU SUA UT YAMOTH sanoyu yp Asaze perzaederzd ezaemM sRZOeAAXY “*etTpew saoge 
ou OF Aeysuexr SerA0FEq (O° OPT ABTATIOe SWAZUS OTFTOSedS) sAnoYy py AOZ suTUTHSIe-T 
We OT X @ YITM pejUSeweTddns wuntpeu oanjTNo oTseq UT UMOZH e72eM STTOED xx 
"Queue er GZ-D xepeyudses AoqsJe peAkesse O7TOM STOAST oseUuTHaAY x 
ary, 09°0 OMe E W, OT X 2 
Saer. CORO Oe W,_OT X* T 
Os C5 m0 OSer W,_OT X 9 
eG CLO ORL We OT X Z 
O= Sc O90 ORGY. We OL mc 
O70S 8S°0 0798 W, © OU tse 
Sree pois Sunieepats) (uTeqZOAd Hu /AU/eserzn soTowrn) xx,WNTPSW SAnATNO OTseq 
ALTATIOR Oma Qh) cS aseutbaze Fo 2auy OF peppe Pern 
euAZue OTF TOedS STTeO FO YAMoOIAyD AZ TATIOe Dtgtoeds - JO UOTISAAUSsuOs 


¥NQIGHN FYNLTND AHL NI NOTLVULNAINOD Vaden AO NOIDONNA V SV ASVNIOUV 


LEY a 2av a 


AO NOISSHeddd 





: : 
- 4 ‘eayens Sepinses stiles to Keword yWivetos nriisage - ‘ Te" 
=? to ensilt\aw.h.p SPRL IS r= 

| ae .* 


sxusigo (aEepOt per’ SAKE wei ealonsy) 














0.0 G oo 
SN A ee = ee 
fy -. + Cc — . 7. . ¥ 
Trane tt ¢f=: SSBs500Ssa IStis6 SSvbecs Sitoy zisval 


* x5 4 fr ‘ — - - ni 

sas o2 xatansyt 9st ma (0. GE VI Iino! a YS rs Space) BivOn eS 
a ef ot nity ameremel fh ads ane aa a one p mn ally oy, in ly ol 7 
Weil Sf fit WOrP CivoOn © IEeIl25- SStIsac2ic: Sais “s IIb IIA S 


sa65 ocd bas .notgecilaqub ni Levsates 2sw scvens sAT- .eiaee —— 


£3 


.atnemtieqxe systaqse € to, apetaes uae 


54. 


*squowtzedxs oqeazedes € fo 
aHhexoae au qwuUesSermdez eWIeEp 9sUQ pUe ‘ea3VeoTTdnp ut peAesse sem owAdAzue sus 
*eTpew poquowetTddns mou oy ut yAMoTH sanoy 7 Aeaze pezedoerzad ezeM szZOCIARXA 

*erpeu"eAogqe Stuy Of zeysuezy ezoTSeq (S° TT AWTATAI0€ SUAZUS OTIT0ecs Se szn0uUEy 
ZOF COIN W, OT X Z UFTM pojUeweTddns wntTpew eazanqjTNo OTseq UT UMOIH STOM STTOD xx 


*quewjeetm4 Gz-D xepeyudes rzeqge peAesse OTOM STOAST oseuThbay » 











Oo Some Ome W, OF * #2 
OugecL. Sas AO) OT ue W,_0OT * T 
Ome > Gen0 OC Wz_O0T * 9 
ORLY merc VacU Orel Wz_OT * ¢ 
0 ac. Sie) 0°68 W. OD “8 
(SNS (Le €7°o Ohaas) Wy 0 ae 
Sia Ge, / ai" pie D San ap No (uUTeIOAd Hu/Au/esan soejToun) »xx,WNTpew san ATNo 
AVTATZOR Ove ty ue oseutTbae oTseq eoua og 
awAzusa STTOO FO WAMOTZD TO WA LATIOR Op itoSds poppe sututbae-7T 
OTLtoSsas FO UOTIEARUSDUOD 
¥NNICAW 


AYNGITNO AHL NI NOIZVEUTZNAONOD ANINIDYV FO NOIDLONNA V SV ASVNIOXV 40 NOISSH#Yddy 


TELA a Tavab 


+¥OUCRM 





eiles Yo rioworts . koe apivisos oltinsce 
36. stgil\"w.biyp S2bnfpxs 
susziug  (nicjoug piisec\ysstn eolomy)- 








0. %@ 


OWNS - 1 
f bey 
0.3% : et 0.5 





; 
-~ ¢ = + —_ ~~ = = - 1455 99-72 ~ rc - 
J$namtfetd 20-0 &obsadest watts bevssas sieyv- aise 


, 


> p ' ‘8 oe m ' “ r 
Sao seety wo Of x & dodiw bosthemslacua murbem syutivo olesd ai ae eee 


.erbsm syvots sft ot xeitaensxy ssoted (2.4L. ve ivisos- sevens oeeee 


wy , 


ta 


ibam Sec csmefadue wan ars ot diwoxp Stued }.2eets Setegaag ote 


Sphisvs edt tosestaqs« stsb els Bns Pts vilewS ai beysres Sas 


. einemizegxe 








Ds 
culture was due to an inhibitory effect of these molecules 
on the action of the enzyme then such an inhibition would 
theoretically be removed by gel treatment. However, gel 
Creaimente did not.raise. thesspecific activity.of.urea grown 
cells to what,of arginine grown cells even though such 
treatment was found, in independent experiments, to remove 


such low molecular weight compounds from protein. 


Changes tn the levels of argtnase in response to arginine 


and urea concentrattons 


ins order scOo.examine, in, mone cetaid., the,efifects of 
urea and arginine on the levels of arginase, various 
concentrations of these compounds were used to supplement 
Ge seUmLCies Md 1a .neCed cpa ni tied. lye Suppad ed. wa tt, 2. x 10 7M 
arginine were found to contain the highest arginase (Table 
Vil) ..») When, transferred. to) media, containing: various, Jevels 
of urea, followed by a 4 hour growth period, dramatic 
decreases in the specific activity of arginase occurred. 
For cultures containing 2 x 10 7M urea had specific activities 
which were one-tenth of the initial values. Above this 
concentration of urea, smaller but less significant decreases 
were observed. In another experiment, the cells were 
HieoreliyecilLcured in the presence OL sx 10 2M urea, After 
4 hours of growth these cultures had low levels of arginase 
(Tab leusV idl). tho Lowing..a Gunther, 4.houcegrowth .pexlod in 
the. presence. of warious concentrations of arginine, the 


levels of arginase were increased. Again approximately 
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56. 
10-fold changes were observed depending on the concentration 
of arginine supplied. As in the earlier experiments (Tables 
Itt and IV), arginase levels were decreased when concentr- 
ations of arginine, above 2 x 10 7M, were present in the 
culture medium. 

Although the data presented so far indicates that 
arginine and urea are altering the rate of synthesis of 
arginase, the possibility remains that the observed changes 
in specific activity may be in large part due to changes 
in total protein concentration rather than the actual 
synthesis of the enzyme. In other words, the enzyme level 
may remain relatively constant but changes in total soluble 
protein may tend to alter the specific enzyme activity due 
PomowlUtLonmom concentration et fecto™ elo ibestathis 
BossiDility te tal dry weight of the cells was determined 
and this value was multiplied by the specific enzyme 
activities in each case (Tables VII and VIII). From these 
Tables it is obvious that the values obtained differ greatly. 
Clearly, if urea and arginine altered the production of 
Protein without changing the levels of arginase activity, 


these values should be very similar (Middelhoven, 1969). 


The effeets of urea and ornithine on arginase activity 


tn vtvo and in vttro 


As described earlier, the two end=products of arginine 
breakdown, namely urea and ornithine, were found to have a 


profound influence on the activity of arginase. Middelhoven 





















_ 282 . 
agtentarondo> sid «aa NibAsdeb bovis ada SSW aeyrsito 2 
eefdet) 230 ie pate rilts6S Sty mloeA  beklaycye, ont 
“~irbonas ndanhy boxpetoeb ‘ovo elovel -Saemeeas A wale 
a ele hs Ata oasew of? Of % SS eyvods endrd pas 20 eno E38 
eu bbeas desta 


Sevl+ sc@inotbat 262 oe b in: abd sna Siz Apwodts tA i 


2 


7 
10 aizerenys to ovis off pnlreats Sea Gay Shleal 
agpreiis boavisets oft Jsd3 eoiesnss yReideemeq srs. oasakpas 7 


espns a Sy si 3 ; pi L mt At VIR Y3 ri ¥ Ses 2 2 2 ineqe. ak 
: ; | Ki - 7 
isute ang nsia. x 10 l7 ptanSesmoo itetota feted ak 


——4 


3D i sic THERFS2005 Levispies nisise Yar 7 
; vs 

i} ayy a 

SAEs 08 ite Yom. aa. 


oa 
&. 
we 
m 
7 
< 
om 
= 
~~ 
A 
a 
t 
~*~ 
A 
us 
i 
‘ 
' 


et ch. 3t:44..07 IaSTis not Tea mrecriesd Io 2083 ob SB" oo 
bentimmsieb eau 2! 5 10. 3p tew. vib Tega. yl eben, 


Hmysono siitosaqe sy yd-Bberlq@igipm eaw suiav gids ae 


; 


saa) moat .. (TLIV 6ns' tv aehdst) oBsp’ ese od’ eeig hei 
a an 

yYieRoIp teltib bos! iy eoulsy SHY Jsétd satfoivdo ef 32 aes eal 
| tie 


te MOTIo0bord aro | ayia 3 fate 16 BAG Satu TE vite 


* 





pEINISQS Sasnipis do Efeve] Sad ‘poipasiy tvotsiw ate 
. ‘i 
(#621 .movoriebbim) szelbinfes yrev of Blusde eoutav 











ae 









- ; ra 7 
7 a ae c . ; * * ; war ae 
ee ea SSM yD bo SRtaP HO les bat Lo sms Ye. 
a 7 ¥ . : a - 
om / Ee ie 
; ice ue i 
1 ; —_ : 









' > 











tt 


Shite 
(1964) in his work with yeast arginase, discovered that when 
10 mM L-ornithine-HCl were added to the culture medium, the 
SPecieic activity was only 502 of that found in cultures 
supplemented with the same concentration of L-arginine-HCl. 
When 20 mM ammonium sulfate was added to culture media 
containing 10 mMeL-ornithine-HC1l, the specific activities of 
arginase were further reduced from 68 to 18. This compared 
to a specific activity of 125 when the cells were cultured 
in a medium containing 10 mM L-arginine*HCl. Similar 
results were obtained in the present experiments as summar- 
zea im) Tables til and IV. However, it 1S interesting to 
note that when such enzyme preparations were treated with 
Sephadex G-25, the effect caused by L-ornithine was removed 
and the specific activity was increased (Table IX). When 
enzyme preparations from media supplemented with different 
sources of nitrogen were treated by gel filtration, the 
specific activities were increased by a factor of 5-7. 
However, when the initial extract of cells grown on an 
arginine-rich medium was assayed in the presence of 300 
umoles of L-ornithine, the specific enzyme activity was 
decreased to 4, aa value similar to that’ obtained orecells 
grown in the presence of urea. However, when such ornithine 
pre-treated extracts were passed through columns of Sephadex 
G=2 5 eene “Speciiic activitye increaseds by vasmacton OL 8575 
This shows that the anhibitory ertect of ornithine was 
removed by Sephadex G-25 treatment. This strongly indicates 


that under these tn vitro conditions ornithine exerts its 
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effect by inhibiting enzyme activity rather than repressing 
enzyme synthesis. Some evidence for the latter is, however, 
given by the data for the ornithine supplemented cultures 
(Taplemtx)e As before’ (Table Tl) "the specific activity 
under these conditions was slightly lower than the control; 
but this level was increased to the same extent as the other 


preparations by gel filtration: 
Radtotsotopte studies of arginase activities 


As the abeve data indicates, that ornithine and urea 
affect the arginase activity differently tn vitro and in 
vivo, it was of interest to compare how these two substances 
affected this enzyme. As addition of urea to the reaction 
system would prevent accurate measurement of arginase by the 
colormetric procedure, a sensitive radioisotopic assay was 
employed in these experiments. 

b-argimime a(quanidowC) waSsusedsasima substrate in 
these experiments and was added to three different reaction 
systems. The first one contained a partially purified 
enzyme preparation extracted from yeast cells grown in the 
presence of 2x10 ?M arginine. The substrate was 280 umoles 
f-arginine solution containing 0.5 We ot YC. whe Second 
reaction system was the same as the first except 100 umoles 
OL Urea were added in addition, and tiesthixrd contained 
POOMimolessor L-Oornithine. The restles presented in’ Table 
X represent separated experiments. It is clear that urea 


Had nowertectson arginase activity while L-orni thine 
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TABLE X 


PRES EP IE CT OF UREA AND ORNETHINE ON THE ACTIVITY OF 


YEAST ARGINASE 


Urea formed 


Reaction System ( umoles) 
Enzyme + arginine-!"c 8.2 
Enzyme + arginine-!"*c + 100 umoles urea that 


Enzyme + arginine-!*C + 100 umoles 


L-ornithine hy Eh 


Arginase activity was measured using arginine (guanido-?!'Cc) 
as described in the Materials and Methods. Cell-free 
extracts Of yeast—cells grown in the presence of 2x10°°M 
arginine were used as a source of the enzyme. All assays 
were carried out in triplicate and the values obtained were 


averages of at least 3 separate experiments. 
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61. 
PND tedstie enzyme to a gteaewextent. In a further 
experiment (Table XI) it was confirmed that urea did not 
appreciably affect arginase activity even when added toa 
tovei=o- 1 00nvmoles. In contrast similar increases in the 
levels of ornithine added to the reaction system gave 


peogressive inhibition of enzyme activity: 


The effeet of cycloheximide on the represston of argtnase 


by urea 


Cyolorexamivde 1S an antibioticroriginalily isolated from 
SWwitures OLbocreplomyces griecus by Whitten et al. in 1946. 
For the present experiment, this compound was purchased from 
Sigma Chemical Company. The effect of cycloheximide on the 
metabolism of yeast is to cause a cessation of protein 
synthesis and an inhibition of DNA synthesis (Siegel and 
Sisler, 1963). However, the synthesis of many organic acids 
and amino acids is not inhibited in the presence of the 
Site UPVOtLC. 

In the present experiment, cycloheximide, at a concentra- 
tion of 10 ug/ml was added to samples of the culture media 
which had been supplemented with urea. Initially the cells 
were harvested from 5 hour incubations in either an arginine- 
rich medium or a urea-rich medium. Such cells were then 
used to inoculate in fresh urea-rich culture media contain- 
ing .lO vig/mil~ antibiotic. Growth was Measured spectropnoto- 
Metocallyew its Clear from Riguveso thar cycloheximide 


effectively inhabited growth of the celis~, — When the 
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TABLE XI 


THE EFFECT OF DIFFERENT CONCENTRATIONS OF UREA AND ORNITHINE 


ON THE ACTIVITY OF YEAST ARGINASE 


Standard reaction 
system + urea 










| Standard reaction 
Urea formed] system + ornithine| Urea formed 





(umoles) (umoles) (umoles) (umoles) 
0 0 0 8.4 
20 Uesil 20 en? 
40 Wpeses) 40 6.0 
60 Biel 60 4.8 
80 7.4 80 hee) 
100 76 100 hes) 


The reaction systems contained the same enzyme preparations 
and substrate levels as indicated in Table X. Various 
concentrations of urea and ornithine were added as 
indicated. The data are average values obtained from 


determinations made in triplicate. 
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FIGURE 5 
THE EFFECT OF CYCLOHEXIMIDE ON THE GROWTH OF YEAST CELLS 


The cells were initially grown in basic culture medium 
supplemented with 2x10 ?M urea for 5 hours at 30°C before 
being inoculated into a fresh basic culture media supplement- 
ed withe 2.100 -M urea, in the presence (o - 0) and absence 
(e - o) of cycloheximide. All readings were taken after a 
TO LoOlamCdi ition. 

The data are average values from three separate 


experiments. 
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accompanying changes in arginase were examined (Figures 6 

and 7), the following major observations were made. As in 
earlier expériments, cells cultured in the presence of aréa 
possessed low levels of arginase which decreased further 
during culture under these conditions. However, these 
decreases were not observed when cycloheximide was present 

in the medium. Under these conditions, the specific activity 
of arginase rose, the rise being related to the addition of 
this antibiotic. However, when these increases were compared 
with the increases caused by L-arginine (c.f. Tables 
Dieandeviitje» where the specific activity of arginase 
increased approximately 10-fold, the present increases in 
enzyme activity associated with cycloheximide are slower and 


smaller. 


Gel ftltrattion of arginase extracted from arginine- and 


urea-grown cells 


The data obtained in the proceeding cycloheximide 
experiment are in many respects similar to observations made 
by Bechet and Wiame (1965) on changes in OTC activity. These 
authors concluded that synthesis of protein was essential for 
regulation of OTC in yeast and in a ater publication 
(Messenguy and Wiame, 1969), reported the chromatography of 
a regulatory protein which combined with OTC and, therefore, 
Controlled itsicatalytic activity the complex so formed 
differed in molecular weight from 'free" OTCase and was, 


theretore ,pdistingumshaole by gel filtration. ~As the 
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FIGURE 6 


THE EFFECT OF CYCLOHEXIMIDE ON THE ACTIVITY OF ARGINASE OF 


CELLS INITIALLY CULTURED IN THE PRESENCE OF L-ARGININE 


The cells were initially grown in basic culture medium 
supplemented with 2x10 *M L-arginine for 4 hours at 30°C 
before being inoculated into a fresh basic culture medium 
supplemented with 2x10 ?M urea. 

The arrows indicate addition of cycloheximide 
(10 ug/ml of culture medium) to the culture flasks. 

Oo - 0 : arginase activity of cells grown in basic 

culture medium + 2x10 7M urea. 

@)— @ :,arginase activity of cells ®gqrownei nm basic 
culture medium + 2x10 7M urea + 10 pg/ml 
cycloheximide. 

Data are average values obtained from four separate 


experiments. 
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FIGURE 7 


THE BPFECT VOR CY CEOHEXIMIDE ON THE ACTIV Ty SOF ARGINASE OF 


CELLS INITIALLY CULTURED IN THE PRESENCE OF UREA 


Thescel ls were initially grown in basic culture medium 
supplemented with 2x10 ?M urea for 5 hours at 30°C before 
being ees intova fresh basic culeure: medi uiesipol cs 
mented with 2x10 *M urea. 

The arrows indicate additions of cycloheximide 
(ae ug/ml of culture medium) to the culture flasks. 

OV- OM: varginaseractivi ty) Of cel Gmgrovnml nea sie 

culture medium + 2x10 2M urea. 

POr— @  *% argindse activity .elscellsci¥gqrowl in baste 
culture medium + 2x10 7M urea + 10 ug/ml 
cycloheximide, 

Data are average values cbtained Erom four separate 


experiments. 
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present regulation of arginase activity also appeared to 


require protein synthesis, it was OL sOtliew interest to deter- 
mine whether a similar situation existed. 

Gelll~free extracts prepared: {rom cells cultured in the 
presence of arginine and urea were subjected to gel filtra- 
tion using a column of Sephadex G-200. Care was taken in 
separate elutions to maintain constant flow rates and 
identical sample volumes. Reproducibility of elution volumes 
was substantiated by repeated chromatography of authentic 
protein markers. Variations encountered in such elutions 
Wememneveneqrester thans54. (/Eremarigures 8a and: 8b, 1t is 
clear that samples of arginase, although differing markedly 
in specific activity, had essentially the same elution 
volumes. This identical chromatographic behavior was 
maintained in separate experiments where flow rates were 
decreased. In no case was the elution of arginase from 
arginine-grown cells different from that shown by the enzyme 
from urea-grown cells. Another similarity between such 
Dreparatvons was) an approximate 30-roldspurilication of ie 
enzyme as a result of Sephadex G-200 treatment. 

Ther Gesuitseol, these Studies» are, mthere lore, OMstanculy, 
different from the findings of Messenguy and Wiame (1969) 
where the repressed OTC enzyme had a molecular weight 


considerably higher than that of the normal enzyme. 
Studies of other enaymes related to the Krebs-Henseleit Cycle 


At least three other enzymes related to the Krebs- 






«v9 
od boxseuqe opis a bation Sndahees 2 coi 


-rsteb od SJeaxedal ‘sims Yo eew 32 ,etesinye niodowm 

in 4 

.boteixe notinudia welainde gs 2eeie sake 

era ot hetwaiuo allso mort barsqeiq BISeaxe sewva=-iieo | = 

~stg lr? fep 7 hesoof tye siavw £980. Bas sotniowm Fo eogensig, 

a> nedqes 2ow 2£26D 90k —-b XS) nad to nmiWios gb pates not 

bin e635x wol?t Sosieiod nresyo1Em od anuignts StI b1sqse 

eanuloy nogjnis to yi rdionhotass .aomivloy stanwhe Laotidasbs 
Sijaatsis to ylasupotsmoxio Sossaeas va betclinadgedge asw 


enotauio- Lowe «al cingoogs SfottBiaay ease shee 


i] 


ef Ji- .d8 hin, 3. eapip nora eC mig ISJ.sip Teven sisw 
Vibe x ; J ,2ESMLEs i6d = s Ltt 2 3503 aseid 
Gdosiuvle— sat Dt yllsrinoees bert JyPeeried oiiiseqe ok 
PRY AGCEVENSt sites ysioteniotip [nots aee: Bree . zamuloy 
srs 2stet weoit ox?! etirs (sages Sie3emed - benietmabeim 
Sentipsn 10 nolivis off esw Reso of nt  penBataee 
Saysoo sft yd Avore’ ss: ore eet et hin ellis .wOExD -~ocinipis Py 


fous naswiad vittrlinte sentans .BLlso twotup-seme sone 
Sus 19 AOLISD i Lis Uy Dloisfl stem iuoveeeots eah eno i¢eusqetg 
sotenmsest OOS-0 wohie tome Wo dupes « “2 says. 
1 tdenireib, qen@lgtods ,fIs Hobbie aco} 30 etlves® an? ny 
7 _ teen ANGI rin Yivpnaeadtt Ie eortbn £3 “ads ones tr | B a 





j 


- gotkis 
ed | 





Gor 


FIGURE 8 
GEL FILTRATION OF YEAST ARGINASE ON SEPHADEX G-200 


a. The cell-free extract was prepared from yeast cells 
cultured for 4 hours at 30°C in basic culture medium 
+ 2x10 *M L-arginine. 
b. he cell-free extract was prepared from yeast cells 
cultured eloc 45 hougs at 30 °Ceine peas temcullubeaimcd tuum 
+ 2x10 7M urea. 
sans (0.5 ml) of the cell-free extracts, containing 
8-10 mg protein, were applied to the column and eluted with 
0701 M potassiume phosphate bumier (pHi 7 a5) wat al cons tan 
Plow rate ol 2Oemi7hr. Eractions) of 3.ml) werer collectede 
Om O02 O.D.280 
© - @ : urea formation (moles) 
Maximum specific activities of arginase after gel filtra- 
Llonewere 960 51n (a) and 105 an) (b), based on the averages 


OL ECU Separate experiments. The initial specific. actismtiec 


Were ona a) mands .5' une (b)2. 
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Doe 
Henseleit cycle, besides arginase, were examined in extracts 


of yeast cells. These were ornithine transcarbamylase, 
O-ornithine transaminase, and argininosuccinate lyase. In 
all cases the specific activities of these enzyme in cell- 
free extracts were compared atter growth under various 
eoncareronss(Taole XIT), 

A repression of ornithine transcarbamylase by arginine 
Was demonstrated and confirms the earlier work of Bechet 
et al. (1962); Bechet and Wiame (1965); and Middelhoven 
(1969). When cultured in the absence of nitrogen compounds, 
the specific enzyme activity of OTC was almost three times 
Ciesvalle found in the arginine culture, This," however, 
when compared to the specific activity of the initial 
inoculum, was still low, suggesting some repression of the 
enzyme. Urea, on the other hand, increased the levels of 
ornithine transcarbamylase to some extent. 6-Ornithine 
transaminase, the enzyme involved in the catabolic pathway 
fér L-ornithine, appeared to be induced by L-arginine and 
tepressed by urea. In the’ absence of a nitrogen Sources tie 
transaminase levels remained essentially unaltered. The 
levels of argininosuccinate lyase were similar when the 
cells were grown in either the presence of L-arginine oF 
urea. Under these conditions, however, the specific 
ACLIVILELeS were increased about S-rOld fcomsthat on atiie 
initial inoculum. A slight decline in argininosuccinate 
lyase activity was observed when the cells were subjected to 


Hucrogenwetabvation. On the basis oretne datajin™ Table Ait 
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70 
it can be concluded that the two anabolic enzymes, ornithine 


transcarbamylase and argininosuccinate lyase, are not induced 
OL repressed ico-ordinately. The two catabolic enzymes, 
arginase and 6-ornithine transaminase, on the other hand, 
respond similarly to the presence of arginine and urea. 
Conceivably arginine is degraded in Saecharomyces cerevtstae 
by a pathway involving arginase and ornithine transaminase. 
In this connection both enzymes are induced by arginine and 
repressed by urea. 

Urease activity ,wsurprisingly, could mot be: detected in 
this organism, either in crude extracts prepared by 
Gporuptungetwercells Monically on in partially jouniGied 
preparations after Sephadex G-25 treatment. Attempts to 
assay this enzyme in acetone-dried powders were also 
iievecesormt 6) much extracts did not contain an inhibitor of 
urease activity since the activities of commerical urease 
preparations (Sigma Chemical Company) were unaffected by the 
addition to them of freshly prepared yeast extracts. 

Another catabolic enzyme, the arginine deiminase, 
which produces citrulline and ammonia from arginine, was 
also not detected in the present yeast extracts. This 
enzyme was, however, reported in yeast cells by Roche and 
Lacombe (1952) who found the activity in acetone powders to 
be optimal at) pH 5.8+/.0 after activation with Come In the 
present study, yeast cells were acetone-dried, extracted 
and purified by ethanol precipitation according to Oginsky 


(S60) Mee tNer reaction system contained lM l-arginine an 
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i and Mn** being used as 


Umer osphate ‘buffer (pH 6.5), Co 
activators. | The possible production of citrulline was 
examined by colorimetric assay as stated on Page 34, 

and after electrophoresis on silica gel G thin-layer plates 
(Eastman Kodak, Rochester, N.Y., U.S.A.) using 0.05 M sodium 
berate,0.05 M succinate buffer at pH 7.0, followed by a 
hinhydrin spray. All of these results were negative. It is 
coneluded, therefore, that arginine deiminase, although 
commonly found in some bacteria (Ojinsky and Gehrig, 1952) 
and green algae (Shafer and Thompson, 1968) was not present 
in the Saecharomyces cerevisiae cells used in the present 


work. 


. : aie 2 
Levels of free amino actds, NH, and urea tn yeast extracts 


and medta after growth 


a. Culture medtum 

After 5 hours of incubation, the culture medium was 
examined for the levels of amino acids present. Urea, 
citrulline and arginine were assayed colorimetrically as 
stated in the Materials and Methods. The remaining compounds, 
including arginine, were measured by a Beckman Amino Acid 
analyzer, Model™@ 12155 The results ares present teduine abe 
XIII. No amino acids were found in the basic culture medium 
Gelert eoure OtLedLOWLA, except LOG sd per aGemamoun UsaOL 
ammonia. In’ the arginine-supplemented culture, 14 mM 
eee remained in the medium, indicating a 30% uptake 


Ofeciis amino acid by the cells during” S hours of growth. 
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TABLE XIII 


LEVELS OF NITROGENOUS COMPOUNDS IN THE CULTURE MEDIA 
BEFORE AND AFTER 5 HOURS 


(Data are expressed as mM concentrations) 


Culture 
Condit eions Ammonia Arginine Urea Ornithine 


Basic medium: 
Before growth 0 
After growth <2 0.1 


Arginine medium: 
Before growth 0 20 0 0 
After growth <0i 0 1 14 0 AUD 


Urea culture: 
Before growth 0 0 20 0 
After growth | 8.60 0 15 <0.01 


The data are average values obtained from determinations 


made in 4 separate experiments. 
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vA. 
Ptethe same time, 2,15 mM ornithine was. detected in this 


medium, an amount equivalent to 1600 wmoles of ornithine/g.d. 
WimOre col loo Ornithine: wasmmeineretore, sexcreted by ithe 
cells and accumulated in aie medium. Ammonia, again, was 
detected in trace amounts only. In the urea supplemented 
medium, 15 mM urea was detected after 5 hours of incubation. 
This "indicates a net uptake of 25% of the supplied urea. 

In addition, 8.6 mM ammonia, equivalent to 11800 umoles/gm 
dry weight accumulated in the medium, 

DemcelLl- (ree extracts 

The levels of amino acids and NH MGs present in the cell- 
free extracts, were assessed as described in Materials and 
Metnods andsin Section, A of this part. ~. Yeast extracts, 
prepared from cells grown in the basic culture medium, showed 
a generally low level of free amino acids as compared to 
extracts of cells grown in arginine-rich or urea-rich media 
GlableexiV). This tis *to be expected asisthe yeast, under= 
going active growth, will require a large amount of amino 
acLlds sob incorporation into proteins and other cellular 
consistuents. 

Extracts of cells grown in the basic culture medium 
contained the lowest level of total amino acids. The 
principal component of the amino acid pool of such cells 
wasmg.bitamic acid, feccompanied by sigqmubicant Vevels fot 
serine, glycine and alanine. Ammonium ions were also 
detected without difficulty. Under the conditions of assay 


only trace amounts of arginine (less than 0.1 umole/g.d.wt. 
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TABLE XIV 


yD, 


LEVELS OF FREE AMINO ACIDS IN CELL-FREE EXTRACTS FROM 


N-Compounds 


lysine 
histidine 

NH ¥ 

arginine 
citrulline 
ornithine 
urea 

aspaceic tacrd 
threonine 
serine 
Seca loracLa 
proline 
glycine 
alanine 

Hebe —-CyYS cine 
valine 
methionine 
isoleucine 
leucine 
tyrosine 


phenylalanine 


Totals 


DIPPERENT “CULTURE MEDIA 


(after 5ithournsy incubations) 


Bast cacul ture 
POL. 2/.G.. astat 


2250 
Ub hadl 
10 


Maas 


ei eal 


Arginine 
culture 
umoles/g.d.wt. 
Sie heel 
< 0's 1 
S250 
1 yieaz 
er ehe 
Nes 
DUE 


OV 
a 
OM On OBO OS 
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S422 


Urea culture 
UmOLeS/G.a,it. 
229 
Weds 
41.6 
1s 
parsstohe 
Sarak 
deaths 
154 
22. 
49. 


ed « 


OD. 





+ Amount of cells harvested after 5 hours of growth from the 


same amount of inoculum were: Basic culture - 0.096 gm.d.wt.; 


L-arginine culture = 0.124 gm.d.wt) Urea culture - 0.187 


ies Wi tere 


separate experiments. 


he Ole 


Data were taken as the average of at least 3 
, - not detected. 
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To 
Of cells) were detected in these extracts. In contrast, 


extracts of cells grown on the arginine-supplemented medium 
contained high levels of this amino acid. Large increases 
were also evidence for lysine, glutamic acid, urea and 
ammonia. In urea~supplemented cultures, the levels of the 
free amino acids were again considerably increased. 
SubpEisingly, urea was not detected in these cell-free 
extracts despite repeated attempts to measure this compound. 
Growth in the presence of urea greatly increased the levels 
of glutamic acid, arginine, ammonia, alanine and aspartic 
acid. 

The results of these analyses, therefore, support the 
earlier enzyme studies by suggesting that arginine and urea 
are both actively metabolized by the cells. This is evident 
not only from @ consideration of the changes caused in the 
free amino pools and changes in the components of the growth 
medium but also from the amounts of growth observed when 


these supplements were made (Table XIV). 
Some general properttes of yeast argtnase 


1. The effect of enzyme conecentratton on reaction rates 

The standard colorimetric assay procedure was used to 
Measure the effect of protein concentration on arginase 
activity. ~The results (Kigure 9)@showGsthat the reaction 
velocities for arginase when expressed as a function of 
protein concentration were linear. This linear relationship 


Waswecund up to protein levels of 250)g. in subsequent 
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FIGURE 9 
ARGINASE ACTIVITY AS A FUNCTION OF PROTEIN CONCENTRATION 


Reaction systems contained the following in a total 
VO LUMeCMOL a 05 Mil 

10 umoles of manganese maleate (pH 7.0); 140 umoles of 

L-arginine and varying amounts of enzyme preparation 

(Sephadex G-25 treated) as indicated. 

Mhe enzyme was preincubated at 30°Cerom S50 emanttocm ia: 
Manganese maleate buffer only and then incubated for 10 
Minutes with thie gadd ition solm@u—acg tide emer tie) le ohmonee 

The data are average values from three separate 


experiments. 
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Newieoatp les Of enzyme containing l00 to 200 yg of protein 
Were routinely used for assay Of arginase activity. 
ewe Feneffects of tncubatuon, time on produet formation 

Samples taken after different periods of incubation 
(Figure 10) show that the rate of product formation was 
mpeatmelore(hesri rst lO minutessonly.» This 1s ein agreement 
with earlier work by VanSlyke and Archibald (1946); Gilboe 
and Williams (1956) who found that a linear relationship 
between enzyme activity and time did not exist after 10 
minutes with liver arginase but differs from a report by 
Splittstoesser (1969) who found that in pumpkin cotyledons, 
the amount of arginine hydrolyzed with time, was linear for 
as long as 120 minutes. 
Ome C Le mOlmmDH ON arG Inds et acr1 pty 

From Figure ll, it is seen that yeast arginase has a pH 
optimum of 9.2. This pH optimum was determined when 
manganese maleate was used as buffer over a pH range of 7.0 
and 10.5. This result, therefore, agrees with similar 
studies on the enzyme from bovine liver (Bach and Killip, 
(SGOmoueeote fers strom thelvoptamum sono oereported: by. 
Gamliskyser lal.) (1968) for vemphibivan kidney ,.and, 10-0 efor 
the enzyme from insect fat body (Reddy and Campbell, 1969). 
Middelhoven (1969), Vaidyanathan and Giri (1953), Muszynska 
and Reifer (1968) and many other workers found bie Ceties pH 
Optinia Of Yeast arginase varied depending on) the presence of 


various metallic ions which acted as activators. 
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ELGURE Se LO 
THE RELATIONSHIP BETWEEN ARGINASE ACTIVITY AND REACTION TIME 


Reaction mixtures. containing the following in a total 
VO LUMes Of 0%.o.- ls 

10 umoles of manganese maleate (pH 7.0); 140 umoles of 

l-arginine (pH 9.2).; and) 150-200) ig ere protei ne orm 

cellrreer extract aater cepladex Geom tLeatlenie 

After 30 minutes of preincubation with manganese 
maleate the reaction systems were incubated at 30°C for the 
various times indicated. The assay was as outlined in the 
Materials and Methods section. 

The data are average values from three separate 


experiments. 
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FIGURE ll 
THEE EEE CI OF DAW ON SARGINAD EaACae wy Jy, 


Reaction mixtures containing the following in a total 
VimoM NEY Gore hs) anule 

10 umoles of manganese maleate (pH 7.0): 140 umoles of 

L-arginine, and Sephadex, G—25 treated cell-—treese trace 

(approximately 1259ng protein)”. 

The enzyme was preincubated at 30°C for 30 minutes with 
manganese maleate buffer and then incubated for 10 minutes 
ime the presence Gf subsitrate adjusted» tomtiesots values 
indicated. 

The data are average values from three separate 


experiments. 
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aA. Effeets of metalite tons womvarginase aettvity 

Yeast arginase, in agreement with other work, was acti- 
vated by divalent metallic ions. Table XV indicates that 
manganese in a concentration of 20 umoles/ml reaction system 
gave the most effective activation of the enzyme. Cobalt and 
ferrous ions also activate arginase to some extent, but not 
as effectively as with manganese. 
5eeiecnaelte constants 

The apparent Michaelis constants for arginase were 
determined from Lineweaver-Burk plots (Lineweaver and Burk, 
POR 4).. 

a. With sodium glycinate as buffer and manganese ions 
Heeeis-1Cleas activator, the calculatedvapparent K,, 
for arginase was 12.5 mM (Migureekb2). Mora et ak. 
(1966) obtained a Km for Neurospora crassa arginase 
of 100-200 mM and 20-40 mM for rat liver arginase. 
Thus the apparent affinity for arginine displayed by 
the yeast enzyme is about 10 times greater than the 
Neurospora enzyme and slightly lower than that of the 
rat liver arginase. 

b. With potassium phosphate as buffer and manganese ions 
as activator, the calculated apparent Ky, for arginase 
was 250 mM (Figure 13). When compared to the sodium 
glycinate buffer system indicated above, the apparent 
affinity fom stheysubsitrate was ~stherefore , 
approximately 20 times lower than in the earlier 


experiment tq Thisssuggests sthatvarganase is inhibited 
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SICAS 


TABLE XV 


EFFECT OF METALLIC TONS ON THE ACTIVITY OF YEAST ARGINASE 








Final 
Metallic salt concentration Specific 
added umoles/ml Buffer system pH Activity 
None Sodium 
glycinate 120 34 
None Sodium 
maleate ah 40 
Mn Maleate 4 Mn maleate TED 58 
iH 10 Ta0 70 
16 120 106 
WY 20 7.50 a2 2 
CoG, 20 Sodium 
glycinate 1PM) 65 
FeCl, 20 Sodium 
glycinate TLA® 68 





In all cases, partially purified enzyme (containing 120 ugm 
protein) was used. When sodium glycinate was used as the 
buffer, the reaction system contained 4 umoles of Mn’ 

Prise -Hole (pH 7-0) sas activator and) was activated at 50 7CeLor 
15 minutes. Then 100 umoles of L-arginine (pH 9.2) and 

10 umoles of the buffer were added and incubated at 30°C for 
10 minutes. When Mn maleate was used as the buffer, the 
reaction system contained 10 umoles of the buffer and was 
Activacea at 30°C for 30 minutes. Then 100 jimoles o£ 
L-arginine (pH 9.2) was added and was incubated at 30°C for 


10 minutes. The data represents average values obtained from 


3 separate experiments. 
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FIGURE 12 
ARGINASE ACTIVITY As A FUNCTION OF SUBSTRATE CONCENTRATION 


he reaction systems contained the following in a total 
volume of ORS omer: 

4 moles of manganese Trig HCl butter mixture \(pieve oe 

4 wmoles sodium glycinate (pH 7.5); Sephadex G-25 

treated extract (100 wg protein) and varying amounts 

Of bearginane ease 10dCa eC. amen ctar Teena r 

We enzyme was preincubated vat ss0°[CelOr 5 min tesmytaed 
manganese Tris-HCl and then incubated for 10 minutes at 
30°C with the sodium glycinate and substrate. 

The data are average values from three separate 


experiments. 
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BIGURE 13) 


LINEWEAVER-BURK PLOT OF INITIAL REACTION VELOCITY 


VERSUS L-ARGININE CONCENTRATION 


The reaction mixtures contained the following in a total 
VOlLUMeGBOre0 5 stl: 

4 uwmnoles of potassium phosphate (pH 7.2); 10 umoles of 

manganese maleate (pH 7.0); Sephadex G-25 treated 

extract. (100 Wao protein)” and” varying vamounts. of 

Substrate ree ritia ls pHeoe Ze 

The enzyme was preincubated with potassium phosphate 
and manganese maleate for 30 minutes at’ 30°C before simcubation 
WlHcCHeSsubs tra temnore | Ouminucesmates0> Ge 

The data are average values from three separate 


experiments. 
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Shey 
by phosphate ions to some extent, In studies of 


yeast arginase, Middelhoven (1969) reported that at 
Melo Cee Eset a tavie Aardn. yeast arginase is strongly 
inhibited by phosphate. Table XVI summarizes the 
different Km values obtained for arginine when 
various amounts of L-ornithine were added to systems 
buffered by sodium glycinate and manganese maleate 
respectively. 
6. Inhtbitton of arginase by L-orntthine 
It was mentioned earlier (Table X ) that L-ornithine 
exerteadua DEOround inhibitory ebfect on arginase activity. 
Gross (19721) was sthe first investigatom tasreport this 
thoi oLtron sand Later, Hunter and Downs” (1944) extended) this 
by studying the effect of a series of amino acids on arginase 
ee eo Cy eebie per OUNnGutiat alld — aminosacids, Of —tnes natural 
SCCULrING siecOntLiguration wnhibited argqinase activity to 
some extent. The results of experiments to test the kinetic 
behavior of arginase at various concentrations of L-ornithine 
‘are shown in Figures 14 and 15. These results clearly 
indicate that L-ornithine is a competitive inhibitor of 
arginase in both potassium phosphate and sodium glycinate 
buffers systems. In sodium glycine buffer, the enzyme was 
more sensitive to L-ornithine than in the potassium 
phosphate system. This is reasonable since phosphate 
itself is an inhibitor to the enzyme (Table XVI) and this 


May desensitize the enzyme. 







28 7 ; , t Y : _ : 

te: eathotea al .thetxs om0e8 oc - anor stanqecdy ya” 7 
fo Gy 
te tet Patanues (CONT) nevotishore ,sashipie Jase 
yiprouse ef orbnipis 32285, Gros Svitaa ath ok desol 


sd aestzemae IVX sidsT .steddeatg ya Beabedians oo 


a 
cstv ontnipss xzwivhbeaistdo eoulsev qe Seetes see ; 7 
Pa 
enstdaye ot bebbu sisw aniftinio-¢ 30 SIGweis ena iitey 


sicslism seenapnen bas eianioylp misbos wel baxel Iud 

. Ylev is veqees 
oni tnio-d yd SomaRER hp 2639 Pert a 7) 

enifddginvo=g garh { xX side?) .+etliss Besoisoem eaew SI 

Ntaridses. sear t qo to°2is ywogiatticl bniote1g = besiene 
eins dzoge7 oF 1ishiseorst Jer? ah gem (Rl) saoee 
2icly BebretKs (PPOL): eawet Gan Stedodh .gete! BHe worse 
Seanipxas ao ehiog onims io doise2 6 Yo gasiie eis privbuse ee 


Lssuten sit TO abinn caine -r flip Gedivbmiol ged? ,weivege 


O 
- 
—_ 
~. 
| 
vl 
— 
- 
Ma i 
4) 


‘didnt nmofseavelInos. J en ixig930 
Srtonrs edd tect ol sdnentitogxs 360 eiivess ont daetxe emog 
Sqimiiose-i 3c eaalttsatnoonos atoitew 28 Sesdipae. Zo soivated 
yYitsali> etjipes: s28nT a oo | bis SO! soureid at avwoda exe " 

I0° SOsicdifint sviditeqmps s 2f sntvdinzo-1 sang etsokbnt : 
Saenicyip miboa bas stsigeodtg omiekeiog. Ased gi <a 


ee ents 05 S tséd shioylp omsooe aE _ Stsdiaye omy at ce 





rit Jee 





pL BAUOTT 





HAR WO AWLAREMRO-A) GR TIAALE LAOTLSLRUL BUT 






) fsdot 6 ni puniwollot ss fxim motdoass ad? 


‘im 2.0 Jo amvlov 


S 









» gelomy + 1 (2.7 Bg) wetive wd 1 Fey 60 to #elomy + 
ae betisert @$-D xsberiqget y (Ce. | Wadierto muiboz 
a sbetsolbri an eninipis-J t9 ejne -y peyasy Kris ysositxs 
* i . aes \ $ g ig Laatt 
- Ag kw esdur jie bi ip 3°0 4s. be} sah maze § Bnysis sri't 


DMS ae reiaT seenspasm 






_ 
7 / 

: 7 enipnipys-i bas @ pnsoutd days iboe sft Aa iw 
7 
aie Ol Bbenisinoe (4 - “h) bos (D- idisliels noljossh 

i 


an S°0f ¢6 ea@aim A 103 Misco o 4 
.ylevisooqest ae %Heclomy ¢ bus eelomy 

<= 
; 





SG. 


RITGURE 14 


THE INHIBITORY EFFECT OF L-ORNITHINE ON ARGINASE ACTIVITY IN 


THE PRESENCE OF SODIUM GLYCINATE 


The reaction mixtures contained the following in a total 
VOLUME OL BUP Deu: 

aSemolea Or Manganese, Bruise Cl abun sate te umoles 

sodium glycinate ) (pH 775)"; Sephadex sG=75> treated 

extract: and Varying amounts of (L-arginine ase ind peacecr 

Mavigiehih. elt 2h4 74 5 

The enzyme was preincubated at 50°C for 15 minutes with 
Manganese Tris Hel vand sehen eincubated = fore Usminutes saues Ole 
with the sodium glycinate and L-arginine. 

Reaction systems (J -a) and (A - A) contained 10 


umoles and 5 umoles of L-ornithine respectively. 
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FIGURE 15 


THE INHIBITORY EFFECT OF L-ORNITHINE ON ARGINASE ACTIVITY 


IN THE PRESENCE OF POTASSIUM PHOSPHATE BUFFER 


The reaction system contained the following in a total 
volume’ o£ 0.55mi: 

4 umoles of potassium phosphate (pH 7.2); 10 umoles of 

Manganese maleate (pH 7.0); Sephadex G-25 treated 

extract (100 ug protein) and varying amounts of 

substrate. The final pH was 9.2. 

The enzyme was preincubated with the potassium phosphate 
and manganese maleate for 30 minutes at 30°C before incubation 
Was ouUbo tod temrOme Oman iLe sed bes OG 

Reaction systems (@e - e), (g@-a@), and (A - A) contained 
ala geeks ikreske}a\ 100, SOman Gms umoles of L-ornithine respectively. 

The data are average values from three separate 


experiments. 
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TABLE XVI 


MICHAELIS CONSTANTS FOR ARGININE IN THE PRESENCE OF 


COMPETITIVE INHIBITORS 


umoles of Km for 

Buffer System L-ornithine added L-arginine (mM) 
Sodium glycinate* 0 25 
¢ | 1 84.0 
i 2 2302.0 
Potassium phosphate** 0 20s) 
e Ze B00R0 
50 SiON) 8) 


” 100 79.0'.0 

* The system contained 4 umoles of Mn** Tos -HCly (pH. 0) as 
AGCLIVvaAcOL ona swas incubated sac 50°C for 15 minutes. © Then 
10 umoles of the buffer (pH 7.0) and 100 umoles of 
L-arginine (pH 9.2) were added to the reaction system, and 
imcipa teaqmatss0 °C] LonelOy minutese 

** The system contained 2 umoles of potassium phosphate, 
Dimie0- sLOmimoOLes son Mn maleate, pla/. 0Usand waseaceLvyated 
at 30°C for 30 minutes. Then L000 moles of L-arginine 
(OHM, 2 mwas added ; and was SN Cuba tome io U maGaO taal) 
minutes. 140 ugm of partially purified enzyme was used 
in each system throughout the experiment. 


Data were taken as the average of 3 separate experiments. 
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89. 
7. Molecular weight determinattons 


For molecular weight determination, a sample containing 
approximately 5 mg protein was passed through a column of 
Sephadex G-200 together with highly purified proteins of 
known molecular weight. The column effluent was assayed for 
yeast arginase activity and for protein as described in the 
Materials and Methods. Elution volumes were estimated as 
described by Andrews (1964) and plotted against log 
Moleciwareweigit Or tnesauLaentic proteins sapplyed= tO, tiie 
column (Figure 16). On the basis of 3 separate experiments, 
the average molecular weight for yeast arginase was estimated 
to be approximately 120,000. The results confirm those of 
Messenguy and Wiame (1969) who estimated the molecular weight 


of yeast arginase to be 114,000+7,000. 


20% 


FIGURE 16 


GEL FILTRATION OF YEAST ARGINASE AND MARKER PROTEINS 


Samples of yeast arginase and authentic proteins were 
applied to columns of Sephadex G-200 and eluted as described 
in the Materials and Methods. 

The elution volumes are average values from four 


separate experiments. 
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91. 
DISCUSSION 


The rapid and extensive growth of Saccharomyces 
cerevistae cells in urea supplemented culture medium (Figure 
4A) suggests that this compound is utilized as a sole nitrogen 
source. The function of arginase is to produce urea by the 
SublLeting of arginine, © When Urea is abundant in the medium 
it will be economical for the cell to stop production of this 
substance. There are two possible ways the cell can control 
formation of a given product: (1) it may change the number 
of enzyme molecules available to catalyze the production or 
PymicCamaye Change their catalytic activity. The former can 
be achieved by repression and the latter by feedback inhibition. 
Both controls appear to exist in Saccharomyces cerevtstae in 
the case of arginine metabolism. From this study, it was 
found that the arginase activity of yeast cultures was finely 
controlled by the presence of substrate and end products. 


The following discussion concerns itself with these aspects. 


Changes of Arginase Activtty as a Result of Induetton and 
Represston 

The experimental results in Table III show that arginase 
activity varies depending on the nitrogen contents of the 
culture media. L-arginine, at a concentration ‘of 2x10 7M, 
gave the highest enzyme activity, while urea and ammonia at 
the same concentration gave the lowest levels. Intermediate 
cases existed aeeditferencscOnCen CatlOlemOLe cic “above 


nitrogenous compounds, as well as mixtures of the above and 
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the presence of other nitrogenous compounds such as ornithine 
and citrulline. These results indicate that in cells, subject- 
ed to a changing environment, the levels of arginase are 
scrupulously controlled.) Supoont tor this is apparent fom 
the results in Table IV which show these changes were revers- 
tbe 0n jtransfer .of *the cells to suitable media. swurthermore, 
Table V shows that such a change depends on the period of 
growth. The action of arginine on arginase activity is 
clearly an induction effect. When the cells were grown in 
ufea-rich mediasand then transferred to an arginine-rnich 
medium, this enzyme is synthesized extensively. A time 
course study of this derepression (Table V) revealed that 
there was an explosive preferential spivesde of the enzyme 
which restored the normal level in a fraction of a generation. 
This continuous 'derepressed' synthesis of the enzyme will be 
possible throughout the growth time and will occur ata 
ploweandustescys rate, lt iseclear trom thesesand 
published observations (Middelhoven, 1964, 1969) that cells 
have a reserve capacity to synthesize various enzymes at rates 
far exceeding those associated with ordinary steady-state 
growth. This capacity is of prime importance in the adapta- 
Elon, of such cells to a changing environment. 

The exact nature of arginase induction by its substrate 
is, however, still not ful lysunderstood a thesgeneticyanalysis 
of induction of nitrate reductase in Aspergillus nidulans 
(Pateman and Gover 1967) suggests that nitrate interacts with 


the product of a regulatory gene to form an active complex 
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028;, 
which binds to the operator aiterand@ permits, initratilon? of 
operon transcription. Another model was proposed by Gilbert 
ancaMuller Hilie(1967) = @e they reported that® the product of 
the regulatory gene of i, eolt lac operon is prevented from 
bincdingetopthe operator si tev byean inducer, and@transcription 
is initiated in its absence. The control system in yeast 
Mayatallpintotoneyof these twovcategories.” Future’ work 
involving inhibitors which help to block peptide-bond formation 
Or MRNA synthesis may elucidate this problem. 

Thevfact that arginase activities from arginine-cultured 
and urea-cultured cells were purified to the same extent by 
Sephadex G-25 and G-200 treatment (Table VI and Figures 8A 
and 8B) strongly supports the contention that induction and 
Eeprpesstonmoccur=as=annesult On Changes in Venzyme synthesis 
de novo. The effect of arginine and urea on arginase levels 
could not be removed as a result of gel filtration. The 
rec bresinetad leeVibtandwVILL further indicate that™the 
change in arginase level could be ascribed *torchanges: in the 
rate of enzyme synthesis and were not simply a result of 
increased or decreased protein content. 

Cycloheximide (sometimes used under the trade name” of 
actidione) has been used extensively as an inhibitor of 
protein synthesis in living cells. It does not affect amino 
actd activation or synthesis of aminoacyl-tRNA (Siegel and 
Sits lex, 1964) 7 abuts considered to inhibit (i) the transfer 
| Geackroreln peptide-bond formation (Grollman, 1966), and 


(it) initiation of polypeptide chain formation in wheat 
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embryos (Marcus and Feeley, 1966). Godchaux et al. (1.967) an 


their work with rabbit reticulocytes , Gound what eyc lo; 
heximide had a differential effect on initiation and 
extension of polypeptide chains. The latter process being 
more susceptible to initiation at very low concentrations. 
Ennis and Lubin (1964) reported that this antibiotic did not 
inhibit protein synthesis in cell-free extracts from £. colt. 
All these suggestions indicate that cycloheximide is useful 
in the study of control mechanisms at the gene level where, 
according: to Jacob and Moned 41961) genetic determinants, 
called regulator and operator genes, control the rate of 
protein synthesis through the intermediacy of cytoplasmic 
components or repressors. Ample evidence LSanow <avan labile 
to prove that the repressor molecule is a polymeric protein 
(Riggs and Bourgeois, 1968; Riggs et bis ee  UesMevee) 5 

The observed growth of Saccharomyces cerevtstae when 
cycloheximide was applied to the culture media can be 
explained on the basis of the above discussion as the 
absorbance of the culture decreased slowly and progessively 
with time (Figure 5). Immediately following. the application 
of cycloheximide to the urea supplemented culture medium, 
repression was stopped and the specific activity of arginase 
began to increase within 30 minutes.  cuch increascaer 
enzyme activity was slow and gradual (Figures 6 anged ). Luis 
effect strongly suggests that the decrease of enzyme activity 
in urea-culture medium is due to repression. Urea probably 


serves as a specific metabolite capable of activating the 
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repressor, the rate of repression heing related to the level 
of the Mecrecson a stilalion i neagreement With tie suggestion 
of Sadler and Novick (1965). 

Induction of arginase in the presence of arginine would, 
therefore, Dewassociated Wit iemactivati1on, of the tepressor. 
Cycloheximide inhibits the synthesis of protein, hence 
inhibits formation of both the repressor and arginase. How- 
every tits clrect will be a ditterential one. shor example, 
Since there are only limited molecules of the repressor 
synthesized per genom in each generation, (Sadler and Novick, 
JO; Veiscmevyer, 1966), Luts logical to assume that synthesis 
of the repressor will be terminated well before arginase 
synthesis stops. At the same time, the synthesis of other 
proteins in the cell will stop gradually resulting in an 


apparent increase in the Specific activity Of arginase. fThe 





SDeCItiCractivyity OL arginase Will, (‘thererore, be maintained 
and will subsequently increase in this manner until degrad- 
ation of the enzyme in vtvo becomes obvious. The same 
SucuceELONeapoliles LE CyclOneximlde ao eaccued a Uli erence 


intervals to the culture media (Figures 6 and 7). 


Other Enzymes Related to the Krebs-Henselett Cycle 

Three other enzymes catalyzing reactions of,the urea 
cycle have been demonstrated in the present work using cell- 
free preparations of S. cerevistae. These are ornithine 
transcarbamylase, argininosuccinate lyase and ornithine 
transaminase. As ornithine transcarbamylase is as EGong ly 


' Kepressed by arginine (DeDeken, 1962; Bechet and Wiame, 1965), 
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90. 
operation of the cycle can be regulated at this point. 


According to DeDeken (1962), 20 Polagvarte tionssinethe 
Specific activity of this enzyme can occur in the presence 

or absence of arginine. Ine them presenta studies, ge tiscmenzyme 
was repressed 7 fold in the presence of 2x10: 7M arginine. 

In contrast, enzyme activity appeared to be induced to a 
smaller extent, when the cells were grown in urea supplemented 
media (Table XII). 

Although the levels of argininosuccinate lyase were 
slightly affected by the presence of arginine (Table XII), 
such variations are probably insufficient to be of physiol- 
Ogical importance in regulation of the cycle. Similar 
conclusions have been reached by Middelhoven (1969) on the 
basis of experiments conducted with S. cerevisiae cultured 
on different media. Further support for this comes from the 
binding @(TablemXiL)ethattthe! enzymetacti viltiestiwereniound to 
bet very "sinitiar Gn 'celissgqrowni iim iarginine-=nichijand curea=rich 
culture media. 

Bechetiteriale@ €i962)ssreportedmthat £.nws..iver revs same, all 
the enzymes of the biosynthetic pathway leading to arginine 
are pleiotropically repressed by this amino acid. This 
pleiotropicity Gisinot expressedMtomthers amelie tent toys alelgor 
the enzymes of this pathway. In the case of argininosuccinate 
lyase, arginine has less influence than it exerts on ornithine 
transcarbamylase. The latter occupies an important position 
in “the cycle “(FPigure ll; page 7io)-as atefunetions ata 


branching point, at which ornithine may be diverted for 
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97. 
arginine synthesis or alternatively may be degraded via 


Mi pyaero Lane carboxylate to glutamate. As mentioned in the 
Introduction, it is of interest to compare the different 
leyels of control which exist in various microorganisms. When 
such comparisons are made, it is clear that considerable 
Marbation exists. For example, in Chlamydomonas, Sussenbach 
and Strijkert (1969) found that ornithine transcarbamylase 
is a constitutive enzyme. The other enzymes of the pathway 
are not regulated to any extent except the terminal enzyme of 
the arginine pathway, namely argininosuccinate lyase, which 
exhibits strong repression and derepression. On the other 
hand, in Proteus mtrabitlts, Prozesky (1969) reported a 
different situation. The presence of arginine in the growth 
medium in this case had surprisingly little effect on the 
synthesis of arginine enzymes. The small variations in 
enzyme levels obtained during repression and derepression 
and the absence of N-acetyl-glutamic-y-semialdehyde dehydro- 
Getasce, activity led Prozesky ((1969) to) conclude that the 
control of arginine enzymes in Proteus is unlike the co- 
ordination behavior as reported by Glansdorff and Sang (1965) 
Way hd Meukie AWiehene Wawel Wy Ceike ACs 

Besides arginase, another catabolic enzyme in the urea 
cycle, ornithine transaminase, was also detected in cell-free 
extracts of Saccharomyces (Table XII). Ornithine is cleaved 
to yield L-glutamic-y-semialdehyde which is then converted 
into A'pyrroline-5-carboxylate non-enzymatically. The 


A'-pyrroline-5-carboxylate might be converted to glutamate by 
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dehydrogenation (Middelhoven, 1964), and re-enter the 


ornithine cycle via acetylation. Like ‘arginase, ornithine 
transaminase was repressed by urea and induced by arginine 
(Table XII). The data obtained shows that these two catabolic 


enzymes are regulated co-ordinately. 


Asstmtlatton of Arginine and Urea by Saccharomyces cerevisiae. 
The results summarized in Table XV show that no detect- 
able excretion of amino acids into the culture medium occurred 
when the cells were incubated in a nitrogen free-medium for 
5 hours. The uptake of arginine by yeast cells amounted to 
30% of that supplied when this amino acid was the sole source 
of nitrogen. A considerable quantity (430 umoles) of 
Ornithine was detected in the medium, indicating that move- 
ment, of this amino acid into the medium had occurred. 
Ammonia was only detected in trace amounts in the medium 
etter thissperiod of growth (Table Kilt). ‘These findings 
suggested that a rapid degradation of arginine into ornithine 
enagaurea Occurs, Curing «this period.  slnethe case, oleculture 
in urea-rich media (Table XIII), 25% of the urea supplied was 
assimilated, avnter 5 hours OL growth. sAt the samemtime sa 
total of 1600 umoles of ammonia were excreted to the medium 
While ornithine was only detected in trace amounts. Under 
these experimental conditions, no other amino acids were 
detectable in the culture medium. A 30% increase in growth 
Wastobserveduin Cells utili zingvangimine ac tne sole sni trogen 
source; Whi JenupeLO 00 Se nCLecace SINE GQhOW Listes ul tod when =the 


cells were ‘grown on urea (Table XIV). Both arginine and urea 
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Can Clearly serve. as sole nitrogen sources, for, this organism. 
When the endogenous pools of amino acids are compared 
further differences are apparent. When grown on nitrogen 
free medium, the levels of all amino acids were generally 
very low (Table XIV). Ammonium and glutamate were by far 
Ene yorincipal components found., .No.tree cittrulline,-ornithine 
Or urea were observed in extracts of the cells and arginine 
was only found in trace amounts. This suggests that a rapid 
recycling of the ornithine cycle intermediates is taking 
place. When arginine was supplied exogenously, increases in 
the endogenous pool of arginine were observed. The accompany- 
ing high levels of urea, suggests an involvement of arginase. 
In agreement with the results of earlier enzyme experiments, 
this compound is probably further converted into ammonia as 
this latter compound was detected in the cell-free extracts 
(Table XIV). The considerable increase in glutamate under 
Enese.conditionsa might be’ chaieflysattmibuted, togutili zation 
of the ammonia produced from urea. The substantial 
accumulation of ornithine in the medium (Table XIII) can also 
be related to the induced arginase activity (Table III and 
Iv) of such cells. These accumulations of ornithine would be 
further amplified by repression of ornithine transcarbamylase. 
tae calls may excrete ornithine to the medium as Ramos et al. 
(1970). have. reported that this, amino acid is. toxic, and can 
readijywinhibit protein and) nucleic acid biosynthesis, in 
yeast. Considering the amino acid pools of cells grown in 


urea-rich media (Table XIy) the following changes are 
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200. 
noteworthy. The high level of ammonia (Table XIV) after 5 
hours growth suggests that urea was actively degraded into 
ammonia. As no urease activity was detected in such cells 
it appears that this ammonia may be formed by urea lyase. [In 
this connection, a partially purified enzyme, from urea-grown 
Candtda utilts cells (Roon and Levenberg, 1968) was found 


ap + ee ° 
and K dependent decomposition of urea in 


to catalyze a Mg” 
1 mole of carbon dioxide and 2 moles of ammonia. This was 
accompanied by cleavage of a mole of ATP inorganic phosphate. 
Direct assays of this activity in Saecharomyces cerevistae 
were also detected (Whitney and Cooper, 1970), indicating 

that this reaction may be of importance particularly when 

urea is the sole source of nitrogen. 

Yeast cells are, apparently, capable of synthesizing all 
of the amino acids required for their growth from inorganic 
nitrogen, in the form of ammonia, and from carbon skeletons 
derived from carbohydrate catabolism (Moat and Ahmad, 1965). 
This is supported in the present studies, by the observed 
increases in the amino acids in cells grown in urea-rich media 
(Table XIV). A poolMOLl pineaswassnotscound din such celiac, 
suggesting that this compound was actively assimilated, being 
splitted into ammonia and presumably into carbon dioxide. 
Despite the rise in the amino acid pools, the pool of ammonia, 
in all cases, was lower than that of@most amino acids. About 
20% of this ammonia was assimilated, the remaining 80% being 
excreted to the medium (Table XIII). Ammonia is known to be 
Heo codubDyaveas tace Llc \(Figuremly eee titoe utilization is 


directly related to synthesis of several key amino acids 
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102. 
(Moat and Ahmad, 1965). Such amino acids can then serve as 
donors of amino nitrogen to form many of the other amino 
acids via transamination reactions. 

With the exception of arginine other intermediates of 
the Krebs-Henseleit cycle were not detected in the present 
amino acid analyses. A possible explanation Eo eect, 
BPopticularly Lollowing culture intthe presence of Urea, 1s 
that arginase activity was repressed resulting in an accumul- 
ation of arginine. This accumulation would then exert both 
feedback inhibition on the first enzyme of the cycle, namely 
N-a-acetylglutamate reductase (DeDeken, 1962), and repression 
of ornithine transcarbamylase (Bechet and Wiame, 1965). 
Consequently, the net synthesis of arginine will be curtailed 


made these culture condi tions. 


Physteal Properttes of Argtnase 

Yeast arginase has many properties in common with the 
arginases of animals, plants and other microorganisms. For 
example, the yeast enzyme catalyzes the conversion of 
L-arginine to ornithine and urea with a pH optimum of 9.2. 
In common with the liver enzyme (Van Slyke and Archibald, 
1946) a linear relationship between enzyme activity and time 
Was MaLntaited «lor only, )Oj minutes. ani sechonte. ime 
Gelacionship y( Figure 10), can be wchieilysascribedmtosthe 
strong inhibitory effect displayed by ornithine (Figure 14). 
The partially purified yeast arginase was activated by 
manganese, cobalt and ferrous ions (Table XV) the former ion 


being the most effective. A comparison of the K, value for 
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arginine (12 mM) reveals a similarity between the yeast 

enzyme and those of rat and bovine liver (10-20 mM). Mora 

et Pee (1965) reported high Ky, values for L-arginine in studies 
of the enzyme from chicken liver and Neurospora. The values 
ranged between 100 and 200 mM. [In the present study the Kp 
for arginine was found to vary when different buffer systems 
Were susod ihe. results, ins Tablenxva suowsthat.wa tay sodium 
glycinate as the buffer, the Ky, values for L-arginine averaged 
12.5 mM. This value was raised to 250 mM when potassium 
phosphate was used as buffer. As Middelhoven (1969) has 
nqiterntea that phosphate is an inhibitor of the native enzyme 
the present, change in.the,K, for, arginine) suggests that) phos— 
phate may exert its effect on the arginine binding site. 

When the effects of urea and L-ornithine on arginase 
were studied in vitro, it was found that urea had no influence 
on the activity while L-ornithine was highly inhibitory 
(lablesel X;exeand Xl)s. The, removalsof,such, inhibitiongaolLlow— 
ingegel faitration suggestssthat,the bindingsolgarmnithine sto 
the enzyme is readily reversible. Kinetic studies of this 
inhibitionseclearly»indicated gthatpiteis scompetitivesininatune 
(Figure 14). 

The molecular weight of yeast arginase was found to be 
approximately 120,000 (+ 10,000) as determined by Sephadex 
G-200. gel filtration..(Figure.16)..9At thegsame time, the 
arginase was purified by this treatment, the specific activity 
being increased 30 fold. On the basis of these Studies, 16 


can be concluded that the yeast enzyme belongs to the 120,000 
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molecular weight class which includes the enzymes from 
bovine liver (mM, Wt. 138,000, Greenberg et Tie 1856) and 
Bat liver, (Mo Wt. 134,000, Mora et ne A) More © 
recently, Hirsch-Kolb and Greenberg (1968) have found the 
molecular weight of rat liver arginase to be 118,000, furnther— 
more, thevenzyme is composed’ of our subunits, each of 30,800 
molecular weight, It is of interest to note that this sub— 
unit has approximately the same molecular weight as the earth- 
worm arginase (M. Wt. 27,000) reported by Reddy and Campbell 
Gio Go)tee TOrcate, ethic is) the Powest aisikeyealleee weight known 
for a molecule with arginase activity. It is significant 
that an active arginase unit of this small dimension exists 
Since the subunit structure of arginase is unknown. The 
other major group of arginases belongs to a 240,000 molecular 
weight class which includes the enzymes from chicken liver 
(Mora et al., 1966), insect fatty body (Reddy and 

Campbell, 1969), and Neurospora (Mora et al., 1964). In 
tierrestudies With insect Hatty body anginase, Reddy and 
Campbell (1969) obtained an equilibrium mixture containing 
proteins of 240,000 and 120,000 molecular weights, indicating 
that such arginases may undergo extensive association and 
dissociation. If the earthworm arginase is; in fact, a 
naturally occurring monomer, the arginases of other species 
could be associations of this monomer to form octamers 

(8 x 30,000), tetramers 4 x 30,000) or molecules of inter- 
mediary size. 


Table XVII summarizes the physical properties of 
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arginases from various sources including animals, plants and 
microorganisms. Mora et ote (1966) reported that the arginase 
of Neurospora crassa is of the type found in uricotelic 
animals with respect to the Km for arginine, the inhibition 
by ornithine and a number of other characteristics. In the 
present research, the physical characteristics of yeast 
arginase are similar to those of the mammalian enzyme, the 
only exception being the type of “ornithine inhibition.- Such 
inhibition was found to be purely competitive in the yeast 
enzyme (Figures 14, 15) but in the case of the other enzymes 
is both competitive and non-competitive (Mora et al., 1966). 
On the other hand, considering the arginine Kp, inhibition by 
ornithine and molecular weight, it can be concluded that the 
yeast enzyme is distinct from that of Neurospora. 

As mentioned in the Introduction, in their work on the 
synthesis of ornithine transcarbamylase in Saccharomyces 
cerevtstae, Messenguy and Wiame (1969) were able to isolate 
a regulatory protein which bound with the OTC enzyme in the 
presence of arginine and ornithine. This regulatory protein 
was subsequently proved to be an arginase which displayed a 
different chromatographic behavior when bound with OTC, hence 
was distinguishable following chromatography. These workers 
suggested that this type of regulation may be general in the 
genus Saccharomyces but, at the same time, may not be common 
in other species. 

In the present work, the writer attempted to examine the 


possible existence of a regulatory protein which may be 
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involved in control of the catabolic pathway of the Krebs- 
Henseleit cycle, hromatography using Sephadex G-200 gave 
similar elutions for arginase extracted from cells grown in 
erginine-rich end urea-=rich media (igure 12). Clearly, 
epresssion of arginase by urea was not associated with an 
increase in molecular weight 2 would be expected if a 


regulatory protein was involved. 


Coneludtng Remarks 

To summarize the present and related work on the 
regulation of the Krebs-Henseleit cycle in S. cerevisiae, 
the reader may refer to Figure 18. 

Many investigations have shed light on the mechanisms 
for regulation of this important cycle. However, some 
controversy still exists, particularly with regard to the 
relative importance of glutamate, aspartate, and alanine in 
the utilization of urea and ammonia. Furthermore, the 
Sources Of nitrogen and/or carbon in the, formation and inter— 
conversion of other amino acids and other nitrogenous 
compounds in the yeast cells remain to be fully elucidated. 
Little is known about the genetic basis for requlation of 
argqinase and ornithine See eee Invthie connec cuvorn, aise 
is of imvortance to determine whether urea serves trulv as 
a co-repressor in exerting its effect on the formation of 
arginase. Alternativelv this effect may be expressed 
indirectly through transfer RNA which may be the real co- 
repressor, a situation confirmed in manv regulatory pathways 


(Anton, 1968; Eidlic and Neidhardt, 1965) including that of 
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FIGURE 18 


POSSIBLE MECHANISMS FOR REGULATION OF THE KREBS- 
HENSHLETT CYCLE AND ASSOCIATED PATHWAYS 
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103°. 
arginine metabolism in yeast (Ramos et al., 1970). The 
exact mechanism for urea utilization in the absence of 
urease is also not clear. The metabolic interrelationships 
of glutamate, ornithine and proline also deserve further 
study. Future studies should also emphasize the energetics 
OraUreanand anmonial itil zation ine ths organism, 

Finally, although the general features of the Jacob 
and Monod model for cellular control are plausible, many of 
the details of regulation remain to be clarified. Perhaps 
one must be aware that in such studies the details of 
regulation in one model may not be universally applicable 


to all other living systems. 
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